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Laboratory-scale studies were conducted to determine 
the feasibility of using a surfactant washing system for 
the removal of polychlorinated biphenyls (PCBs) from 
contaminated soils. Further, photodechlorination was used 
to destroy the PCBs that were transferred into surfactant 
micelles. 
Soils contaminated with PCBs were effectively treated 
using a combination of surfactant washing with nonionic 
surfactants and photolysis of the resulting solution. The 
use of surfactants greatly enhanced the removal of PCBs 
from soils. The mass loading ratio of surfactant:soil was 
found to be the key parameter in determining PCB removal 
efficiency for a given system. Many soil-surfactant system 
models are based on mass loading ratios in the system, such 
as the Langmuir isotherm, Freundlich isotherm, and a PCB 
phase distribution model developed by Jafvert et al. 
( 1995) . When using the model developed by Javfert et al., 
one must consider the source of organic carbon. When 
significant levels of total petrolem hydrocarbons (TPH) are 
present, the model can no longer be used to predict 
vii 
contaminant (PCB) removal due to competition. Batch and 
column systems performed equally well in the methods used. 
Both systems removed approximately 40% of the available 
PCBs after one wash cycle. 
Photolysis of PCBs selectively destroyed congeners 
that have been shown to cause an estrogenic response in 
humans. Both the rate and extent of degradation were 
higher for estrogenic compounds than for non-estrogenic 
compounds. After 40 minutes, 65% of the initial estrogenic 
compounds were degraded versus 27% of the non-estrogenic 
compounds. The TPH in one of the soil wash solutions, 
primarily contaminated with TPH and Aroclor 1248, reduced 
the quantum yield of photolysis by more than a factor of 4 
when compared to a. solution of only Aroclor 1248. 
2, 2' , 4, 4' , 6, 6' CB followed a stepwise reductive 
dechlorination during photolysis, with the ortho chlorines 
being preferentially removed. The quantum yield of 
photolysis for 2,2' ,4,4' ,6,6'CB on POL(l0) was found to be 
0.44. 
viii 
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CHAPTER 1 INTRODUCTION 
A primary source of PCBs in the environment is 
transformer oil produced prior to 1979. PCBs were added to 
enhance fire-resistance and impart dielectric properties to 
the oil. However, the same properties that give PCBs their 
stability also cause them to be highly recalcitrant in the 
environment. Their strong hydrophobicity and low water 
solubility cause them to bind to soil particles very 
tightly with almost no noticeable migration. Currently, 
large amounts of time and energy are being spent on the 
disposal of PCB-contaminated wastes. Previous studies have 
shown that surfactants are capable of removing PCBs from 
soil via solubilization (U. S. EPA, 1985) . 
Once PCBs are removed from soil, there are several 
options available for their destruction. Photolysis has 
been shown to successfully dechlorinate PCBs in surfactant 
micelles with minimum undesirable side reactions (Epling et 
al. , 1988) . Additionally, photolysis can preferentially 
1 
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remove biorecalcitrant congeners, thereby paving the way 
for facile bioremediation. 
This study was conducted to determine the feasibility 
of treating aged PCB-contaminated soils with an in-situ 
soil washing treatment scheme and to determine the 
effectiveness of photolysis as a means of toxicity 
reduction via PCB dechlorination. A nonionic surfactant, 
POL(l0), was used to desorb PCBs from the soil matrix via 
solubilization. Experiments were performed to determine 
the most efficient surfactant:soil mass loading ratio in an 
in-situ treatment scheme. Both batch and column tests were 
performed in assessing the potential for remediation with 
this process. The main objectives of the soil washing 
experiments were: 
1) Ensure that the mass loading ratio was the key 
parameter for the POL(l0)/PCB system being studied. 
2) Determine the effect of TPH on the PCB removal 
characteristics and extent of desorption. 
3) Evaluate a previously developed model using the 
data generated from the study to determine if it 
2 
would apply to systems with soil contaminants other 
than PCBs only. 
4) Determine if an in-situ treatment scheme provided 
similar results to an ex-situ treatment scheme. 
Although later phases of the project involved 
assessing the toxicity of the soil wash solutions, the 
effects of photolysis on reduction of such toxicities, and 
the enhancement of PCB biodegradability, photolysis is 
discussed in the current paper only in the context of PCB 
dechlorination. Further, the effect of other contaminants, 
such as transformer oils, on the treatability of soil and 
the rate of photolysis was studied. 
The photolysis degradation pattern of 2, 2' , 4, 4' , 6, 6' 
CB was studied to better understand the pathways of 
photolytic degradation. A mass balance was performed on 
the system that included the daughter congeners and free 
chloride ions produced during photolysis. 
3 
CHAPTER 2 LITERATURE REVIEW 
2.1 GENERAL BACKGROUND OF PCBs 
Large amounts of time and energy have been spent on 
the disposal of polychlorinated biphenyl (PCB) contaminated 
material since PCB use in most industrial applications was 
banned in 1979 (U.S. EPA, 1979). The primary source of this 
material has been PCB-laden transformer oils. Between 1926 
and 1977, PCB-containing products were manufactured for 
applications which needed high stability, fire-resistance, 
and excellent heat-transfer properties. The most extensive 
use of PCBs occurred in dielectric fluids. Such fluids 
typically have the following characteristics: heavy oil 
appearance, high boiling point, high chemical stability, 
high flash point, low electrical conductivity, and low 
water solubility (Hutzinger et al., 1974). As a result of 
their widespread use, numerous sites now contain soil and 
groundwater contaminated with PCBs. 
PCBs are a class of 209 congeners which have the 
general formula C12H1o-nCln (n
= l-10). Their general structure 
is that of a biphenyl ring with varying degrees of chlorine 
5 
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substitution on each ring. The general structure of a PCB 
molecule is shown in Figure 2. 1. Because of their 
extremely hydrophobic nature and very low water solubility, 
PCBs migrate through soils at a remarkably slow rate. 
When dissolved in water, their rate of migration could be 
less than a few centimeters per year (Abdul et al., 1987). 
3 2 2' 3' 
4 4' 
Figure 2. 1 General structure of PCB molecule 
In addition to their stability in the environment, 
PCBs tend to accumulate in the fatty tissues of animals and 
humans that have been exposed to them (Gobas et al., 1995). 
They have been shown to have significant ecological and 
human health effects, including cancer, neurotoxicity, 
reproductive and developmental toxicity, immune system 
suppression, liver damage, skin irritation, and endocrine 
disruption (Safe, 1994). Toxic effects have been observed 
from acute and chronic exposures to PCB mixtures with 
varying chlorine content. 
6 
5 6 6' 5' 
The primary type of PCBs in this study are Aroclors. 
Aroclor is the trade name with which Monsanto Corporation 
produced PCBs. They are numbered according to the number of 
carbon atoms on the molecule and the weight percent of 
chlorine. For example, Aroclor 1248 is named such because 
the double biphenyl ring common to all PCBs contains 12 
carbon atoms and the 1248 mixture is 48% chlorine by 
weight. Because Aroclors were produced with a consistent 
percentage of chlorine, they have a unique mixture of 
congeners that can be easily ·fingerprinted by GC-ECD 
analysis. 
2.2 AQUEOUS SOLUBILITY OF PCBs 
PCBs are extremely hydrophobic compounds, resulting in 
very low aqueous solubilities. There are several factors 
that can influence their solubility in the environment, 
including the degree of chlorination, the temperature, and 
other solutes in solution (Schoor, 1975; Opperhuizen, 
1986). Multiple studies have examined the relationship 
between a congener's degree of chlorination and its aqueous 
solubility and have found, in general, that as the degree 
of chlorination increases, the solubility of the compound 
7 
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decreases (Shiu and Mackay, 1986; Opperhuizen, 1986; 
Opperhuizen et al., 198 8; Li and Doucette, 1993; Shi, 
1995). The solubility of each of the 209 congeners has 
been found to range from 1. 2 x 10- 6 mg/L to 7. 0 mg/L (Shui 
and Mackay, 1986). Because the production of PCBs 
resulted in a mixture of congeners being created rather 
than single congeners, the solubility of these mixtures has 
also been examined and is summarized in Table 2. 1. The 
solubility of these Aroclor mixtures ranges from 1 x 10-4 
mg/L to 5.0 mg/L. 
The solubilities of PCBs are usually described in 
terms of an equilibrium distribution ratio between two 
phases, such as an octanol /water partitioning coefficient, 
Kow (Tewari et al., 1982; Banerjee, 1984; Shiu and Mackay, 
1986; Li and Doucette, 1993). Because partitioning is not 
entirely limited to the interactions between two phases, 
Opperhuizen et al. (1998) examined the effects of several 
other parameters in an effort to create a model that 
predicts the aqueous solubility of any given PCB congener. 
Their model took into account the aqueous activity 
coefficient, total surface area, and total molecular volume 
8 
Table 2.1 Solubility of Commercial PCBs (Aroclor) 
Aroclor Approx. Average Solubility Temperature Water Reference 
Cl Wt% Mol. Wt (mg /L) (oC) 
1221 21 193.7 3.5 Chou (1986) 
5 Fresh Zita (1970) 
3.8 Sea 
1242 40-42 257.5 0.2 Hutzinger (1974) 
0.288 Chou ( 1986) 
1248 48 291. 9 0.1 Hut zinger (1974) 
0.054 Chou ( 1986) 
I..O 
1254 52-54 326.4 0.04 Hutzinger (1974) 
0.042 Chou (1986) 
2-3 Fresh Zitko (1970) 
1-1. 5 sea Zitco (1970) 
0.0001 Fresh Schoor (1975) 
0.00004 NaCl (30 g/L) Schoor (1975) 
0.012±0.3 15 Deionized Opperhuizen (1986) 
0.037±0.004 22 Deionized Opperhuizen (1986) 
0.068±0.014 45 Deionized Opperhuizen (1986) 
0 .119±0. 012 65 Deionized Opperhuizen (1986) 
1260 62 388.4 0.025 Hut zinger (1974) 
0.0027 Chou ( 1986) 
Table from Shi (1995) 
of a given congener. By creating a model that used 
multiple molecular properties, rather than a partitioning 
coefficient, the aqueous solubility of numerous congeners 
was predicted to a very high degree of accuracy. A linear 
regression of a plot of the predicted solubilities versus 
the measured solubilities yielded a line with a slope of 
1.005 and an r2 value of 0.982. 
2.3 SURFACTANT CHARACTERISTICS 
2.3.1 Overview of surfactants 
Surface-active agents (surfactants) are a class of 
organic compounds that have a two-component molecular 
structure and alter the properties of solution interfaces. 
One end of the molecule is water soluble (hydrophilic) 
while the other end is relatively insoluble in water 
(hydrophobic). The entire molecule is often referred to as 
amphiphilic because of its dual nature. The structure of 
surfactants allows them to increase the aqueous solubility 
of most hydrophobic compounds. A representation of a 
surfactant molecule is shown in Figure 2.2. 
10 
Figure 2.2 Shape of POL(l0) surfactant monomer 
Surfactants increase the free energy of aqueous 
solutions and will congregate at the water/air and 
water/solid interfaces in dilute solutions. The molecule 
orients itself so that the hydrophilic side faces the water 
side of the interface and the hydrophobic side faces the 
air/solid side of the interface. Increasing the surfactant 
concentration causes a reduction in the surface tension 
until the critical micelle concentration ( CMC) is reached. 
Once the CMC is reached, the surfactant molecules group 
together to form micelles which contain a hydrophobic core 
and a hydrophilic exterior. At concentrations greater than 
the CMC, the surface tension is no longer a function of the 
surfactant concentration. 
There have been a variety of models created to 
represent the structure of a micelle, of which a few are 
represented in Figure 2. 3. Depending on the van der Waals 
interaction between the hydrocarbon chains, electrostatic 
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Figure 2.3 Various structural models for micelle 
Adapted from Ramamurthy (1986) 
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water penetration into the micelles and other variable 
experimental parameters, micelles of various structures 
would be formed (Ramamurthy, 1986). The location of 
molecules within the micelle depends on the chemical 
structure of the molecule (Myers, 1988). Substrates that 
are extremely hydrophobic would tend to get solubilized 
inside the core of the molecule, while an amphiphilic 
solute may become oriented with its polar portion at the 
surface and its hydrophobic portion in the core of the 
micelle. Because the micelle is providing a hydrophobic 
site in the solution, the solubility of molecules such as 
PCBs can be increased by several orders of magnitude. In 
general, as the hydrophobicity of a molecule increases, so 
does its closeness to the core of the micelle (Myers, 
1988). When multiple hydrophobic compounds are present, 
the limited number of micelles available can cause 
competition between compounds for the available micelles 
(Lowe et al., 1997). 
Because all hydrophobic compounds have varying degrees 
of hydrophobicity, surfactants should be chosen to provide 
the optimum sorption conditions for the given environment. 
More efficient solubilization can sometimes be achieved 
13 
through the use of surfactant mixtures. For example, 





behavior in environmental 
screening studies should be 
performed for each environment in which surfactants are 
used in order to maximize their effectiveness (Lowe et al. , 
1996}. 
2.3. 2 Types of surfactants 
type. 
Surfactants are commonly classified by their ionic 
There are four classifications of surfactants: 
anionic, cationic, nonionic, and amphoteric. 
Anionic surfactants create a negatively charged 
surfactant ion and a positively charged counterion when 
dissolved in water. Examples of anionic surfactants 
include sulfonic acid salts, alcohol sulfates, alkylbenzene 
sulfonates, phosphoric acid esters, and carboxylic acid 
salts. Anionic surfactants tend to be good solubilizers 
and are relatively nontoxic. They have been used in 
petroleum oil recovery operations as well as in contaminant 
hydrogeology remediation applications (Lowe et al., 1997}. 
14 
Cationic surfactants yield 
surfactant ion and a negatively 
a positively charged 
charged counterion when 
dissolved in water. Examples include polyamines and their 
salts and amine oxides. Cationic surf act ants tend to be 
toxic and are therefore not widely used in current 
environmental applications. Cationic surfactants also tend 
to be strongly sorbed to anionic surfaces, causing their 
movement to be severely retarded in groundwater systems 
(Lowe et al. , 1997). 
Nonionic surfactants have hydrophilic head groups that 
do not ionize appreciably in water. Examples include 
polyoxyethylenated alkyphenols, 





surfactants tend to be good solubilizers and are relatively 
nontoxic. They are usually easily blended with other types 
of surfactants and have found widespread use in petroleum 
and environmental applications. The last classification of 
surfactants, amphoteric, have both anionic and cationic 
functional groups and are not widely used in either 




Commercial surf act ants are used in a number of broad 
applications: as emulsifiers and demulsifiers, wetting and 
rewetting agents, foaming and de foaming agents, 
dispersants, detergents, and solubility enhancers (Karsa, 
1987). They are most commonly used in the home as 
detergents. 
2.3.3 Properties of POL(l0) 
The surfactant chosen for PCB solubilization in this 
study was polyoxyethylene ( 10) lauryl ether ( POL ( 10) ) , a 
nonionic surf act ant. This surf act ant was used because of 
the need to supply later bioremediation experiments, not 
discussed here, with PCB-containing POL ( 10) solutions. The 
structure of the molecule is shown in Figure 2. 1 and its 
general formula is: 
where n is the average number of oxyethylene groups in the 
molecule ( 10 for POL ( 10) ) . The water solubility of these 
surfactants increases as the number of oxyethylene groups 
increases from 3 to 16. Additionally, these surfactants 
16 
have an inverse temperature-solubility relationship, so as 
the solution temperature increases their solubility in 
water decreases. The temperature at which the surfactant 
begins to precipitate is called the "cloud point". The 
cloud point increases with the average number of 
oxyethylene groups (Myers, 1988). 
Shi (1998) evaluated where PCBs are located within 
POL (l0) micelles by UV-VIS spectra. Spectra of 2,2',4,4'CB 
were examined in solutions of POL (l0), n-hexane, 1,2-
dimethoxyethane ( DME), and polyethylene glycol ( PEG-400) . 
Each of these solutions was chosen to simulate a different 
region of the micelle. 2,2',4,4'CB was found to be 
insoluble in PEG-400 (used to 
hydrophilic portion of the micelle) . 
represent the outer 
The spectra of the 
other 3 solutions were all very similar, showing that the 
environment surrounding the molecules inside the micelle 
was very similar to that of n-hexane or DME. These results 
showed that the hydrophobic core was the likely location of 
2,2' ,4,4'CB inside the micelle. 
17 
2.4 PCB/SOIL INTERACTIONS 
If the initial mass of contaminant in the soil is 
unknown, an extraction must be performed to set a basis for 
further experiments. Methods 3540 and 3541, two types of 
Soxhlet extractions, have been accepted by the EPA as the 
standard to which all other extractions are compared. 
Because many PCB-contaminated soils contain unknown amounts 
of PCBs, Soxhlet extractions are used to define maximum 
extractable PCB levels. In this study, as in others, 
Soxhlet extractions are used as a basis for all extraction 
efficiencies. 
2. 4. 1 Sorption of PCBs onto soil 
When released into the environment, PCBs are strongly 
adsorbed by the soil particles due to their hydrophobic 
nature. Non-polar sites on the soil surf ace provide an 
immense driving force for PCB transfer out of a polar 
solvent (water) . It has been estimated that PCB rates of 
migration are less than a few centimeters a year once they 
have been introduced into the soil environment. PCBs 
generally partition into the organic matter fraction of the 
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soil (Jafvert, 1995; Yeom, 1995). Over 95% of the 
hydrophobic compounds on soil can be found in the soil's 
organic fraction. The main driving forces for PCB sorption 
are repulsion between the water and PCB molecules and 
attraction between the soil organic matter and the PCBs. 
These two forces can explain why more highly chlorinated 
PCB congeners, which are more hydrophobic, adsorb to the 
soil more strongly than less chlorinated congeners 
(Sawhney, 1986; Chou and Griffin, 1986). 
The interactions of a given compound between the 
aqueous and soil phases are usually expressed as a 
partitioning coefficient, Kp (L/kg) (Chou and Griffin, 
1986). There have been numerous other models developed to 
analyze the soil/water interface and how particles behave 
at equilibrium (Lee et al., 1979; Yeom et al., 1995), but 
this method remains the most widely used and accepted. The 
partitioning coefficient is an equilibrium constant and 
will not apply to systems that are in transition. The 
following equation is the definition of Kp : 
K = qsoil 
p 
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( 2. 1) 
where q so il is the equilibrium concentration of contaminant 
in the soil (mg/kg) and Caq is the equilibrium concentration 
of the contaminant in solution (mg/L). Kp would need to be 
recalculated for each separate environment because it does 
not take into account the properties of the soil· in the 
system. Changes in the soil environment can cause distinct 
differences in the values of Kp, as evidenced in a study by 
Chou and Griffin (1986). The study found that Kp values for 
PCBs could vary from 22 to 1938 L/kg when the only variable 
in the system was the soil. As the Kp value increases, so 
does the probability that a hydrophobic organic contaminant 
will partition to the soil phase (Shi, 1995). 
2.4.2 Batch soil washing 
Surfactant sorption to soil: Surfactant sorption in 
batch watching processes has been modeled extensively in 
numerous environments (Abdul and Gibson, 1991; Sun and 
Boyd, 1993; Shi, 1995; Sun and Boyd, 1995) . Langmuir or 
Freundlich isotherms are often used to model the sorption 
process in batch cycles. Liu et al. (1992) found that 
nonionic surfactants sorbed to the soil according to a 
Freundlich isotherm for soils with foe between 1-1. 5. Sun 
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and Boyd (19 93) obtained similar results when using a 
commercial petronate surfactant with a silt loam soil; 
however, they were unable to fit the sorption isotherm to 
either a Freundlich or Langmuir isotherm when using a 
nonionic surfactant and the same soil (Sun and Boyd, 1995) . 
When using an alcohol ethoxylate surfactant with sandy 
soils, Abdul and Gibson (1 991) found the results to 
correspond to a Langmuir isotherm for surfactant 
concentrations less than 4 g/L. Due to the wide variety of 
results produced from different studies, one must perform 
bench tests to determine the surfactant/soil sorption 
trends in a given system. 
Surfactants that are sorbed onto the soil have been 
found to play a key role in the desorption of contaminants 
via enhanced matrix diffusion (Yeom, 1996) . Extraction 
rates and efficiencies were compared using surfactant­
amended soil suspensions vs. non-amended suspensions. 25% 
of the contaminant was removed in 12 days with the 
surfactant-amended soil versus 12% removal with the non-
amended soil. It was believed that by adsorbing onto the 
surface of the soil, the surfactant was interacting 
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directly with the soil-tar matrix to increase the rate of 
mass transfer (Yeom, 1996). 
PCB desorption in batch tests: Batch tests are 
generally performed to determine the equilibrium extraction 
efficiencies and to model the environment so that 
predictions can be made about the behavior of the system in 
a different application (ex. scaling system up to field 
test) . In order to obtain accurate isotherm data, the 
system must have time to establish equilibrium. Previous 
studies by Shi (1995, 1998) have found that biosurfactant 
and POL (l0) systems with PCBs as the contaminant are able 
to come to equilibrium in 48 hours. Yeom (1995) found that 
a Tenax/PAH system sometimes required more than 60 days to 
establish equilibrium, clearly limiting the capabilities of 
batch tests. 
McDermott et al. (1989) found that 96% of the initial 
PCBs in a subsurface soil could be removed using surfactant 
in a countercurrent batch washing process. The soil was 
originally contaminated with 100 - 200 mg/L of Aroclor 
1260. After batch washing, the PCBs were precipitated from 
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solution with CaCl2 to a final aqueous concentration of 1.8 
mg/L, the approximate solubility of Aroclor 1260 in water. 
2.4.3 Column soil washing 
Soil washing in a column system is modeled differently 
from that of a batch system because columns behave 
similarly to a plug flow reactor, rather than the 
completely mixed reactor system of batch processes. 
Columns are also normally operated in a non-recycled mode 
to prevent equilibrium conditions from occurring, thereby 
maximizing the desorption capabilities of the surfactant by 
maintaining a large driving force from the soil to the 
solution. When a column wash cycle is started, there is a 
large initial loss of surfactant in solution due to 
adsorption onto the soil. In a study by Abdul and Gibson 
(1991), between 0.5 and 1.2 pore volumes of solution were 
required to pass through a column before the surfactant 
concentration in the effluent became detectable. 
Abdul and Gibson (1991) assessed the suitability of an 
ethoxylate surfactant for washing PCBs from soils. The 





studied in batch tests, while the extent of washing PCBs 
from the soil was evaluated in column experiments. 66, 86, 
and 56% of the PCBs were washed from the columns with 
5, 000, 10, 000, and 20, 000 mg/L surfactant solutions after 
20 wash cycles, respectively. The initial concentration of 
PCBs in each experiment was 1, 728 mg/kg soil. The soil was 
found to have a high affinity for the surfactant, with 
surfactant concentrations decreasing from as high as 10, 000 
mg/L to as low as 60 mg/L. It was concluded that the 
optimum concentration of surfactant should be determined in 
laboratory tests before field applications to minimize 
clogging of the soil due to excess surfactant, while 
concurrently maximizing removal efficiencies through 
adequate surfactant concentrations in solution. 
Using the data from laboratory studies, Abdul et al. 
( 1992 and 1994) performed field tests of their surfactant 
washing system at a site containing concentrations of PCBs 
and TPH as high as 6, 223 and 67, 000 mg/kg, respectively. 
The test plot used was 10 feet in diameter by 5 feet deep 
and initially contained about 15 kg of PCBs and 157 kg of 
oils. The surfactant solution was sprayed onto the ground 
surface and extracted out of a recovery well located in the 
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center of the plot. During the first phase of the project 
(1992), an average of 77 gal/day of surfactant solution was 
applied for 70 days with an extraction rate of 157 gal/day. 
Roughly 10% of the initial mass of PCBs and TPH was 
recovered during the first phase after 5.7 pore volume 
washings, with maximum concentrations of 65 mg /L PCBs and 
709 mg/L TPH in the leachate samples. Equal percentages of 
PCBs and TPH were removed throughout the experiment, 
suggesting that the source of PCB contamination was from 
PCB-laden oils used at the site. The second phase of the 
project (1994) was a continuation of the soil washing field 
test and also used a laboratory column to mimic the field 
test. Considerably more (3 to 4 times) contaminant removal 
occurred during the second phase, with the laboratory 
results closely matching that of the field test. 19% and 
24% of the original contaminants were removed from the 
field site and laboratory column, respectively, with 8 pore 
volume washings. More than 8 5% of the PCBs were removed 
from the laboratory column after 105 pore volume washings. 
The . second phase of the project showed much more promise 
than the first phase for the use of surfactant washing to 
remove PCBs and TPH from contaminated soils. 
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2.4.4 Modeling PCB/soil interactions 
There have been several different models developed to 
predict removal efficiencies of hydrophobic compounds in 
soil/surfactant systems. One equilibrium model developed 
by Chou and Griffin (1986) used several constants 
associated with the system ( such as the particle surf ace 
area, the PCB sorption constant, and the total soil organic 
fraction) to estimate PCB sorption using only solubility 
data. 
Yeom and co-workers (1996) developed a model for 
weathered soils contaminated with PAHs. The extraction 
efficiencies for weathered soils normally do not accurately 
predict the amount of contaminant removed under equilibrium 
conditions. Diffusion is believed to be the controlling 
factor for weathered soils. In fact, contamination age 
appears to be inversely correlated with the extent of 
mobilization (Yeom and Ghosh, 1993). Unlike many other 
types of soil/surfactant models, Yeom used radial diffusion 
as a basis for calculations. The model included soil 
diffusivity since weathered soils are believed to be 
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diffusion limited. The model accurately predicted PAH 
desorption patterns in weathered soils. 
A model developed by Jafvert and co-workers ( 1995) , 
based on equilibrium partitioning in micellar systems, 
appears most appropriate for the system evaluated in this 
work. At equilibrium, a partition coefficient for micelles 
(KM), which relates the solute concentration in the micelle 




Where: [C] w = cone. of solute dissolved in water 
[CJ mic = cone. of solute in the micellar 
pseudophase 
[SJ mic = molecular cone. of surfactant in 
micellar form 
Jafvert (1 991) correlated values of Km to each surfactant's 
respective octanol-water partition coefficient ( Kow) , 
resulting in the following relationship: 
( 2 . 3) 
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[ C ]mic 
[ C ] w [ S ]mic 
Each surfactant was found to have a unique � value and for 
POL (l0), � = 0. 366. Sorption of surfactant onto soil is 
often correlated to the soil organic carbon content as the 
sorption process approaches equilibrium, 
expressed with equation 2.4. 
and can be 
( 2 • 4 ) 
Koc ( L  H20/kg organic carbon content) is the organic carbon 
normalized partition coefficient (ratio of solute adsorbed 
by organic carbon to solute dissolved by water) and ( C ]  oc 
(mol/kg of OC) is the solute concentration in the soil 
carbon. Hassett et al . (1980) found a near zero intercept 
and a constant slope ( a  = 0. 4 8) when regressing Koc vs. Kow 
for various PAHs on 14 different soils or sediments. 
Substantial sorption of surfactant micelles onto soil 
can increase the capacity of the soil to sorb other 
solutes, which can be described with Equation 2.5: 
[ C ]ss 
Ks = ----
[ C ]J S ] ss 
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( 2 .  5 )  
Where [ S ]  s s  (mol/L) is the surfactant adsorbed to the soil 
and [C ] s s  (mol/L of water) is the solute associated with the 
sorbed surfactant. Because the ratio of [C ]  rnic /  [ S ]  rn i c  is 
equivalent to that of [ C ]  s s / [ S ]  s s ,  Ks is assumed to be 
equivalent to KM for this analysis. This same assumption 
was made by Jafvert et al. (1995) in evaluating the 
applicability of multiple surfactants, including POL ( 10), 
to this model. The fraction of solute in the aqueous phase 
can be calculated in terms of the solute concentrations 
using equation 2.6, where oc (kg/kg soil) is the soil 
organic carbon concentration. 
( 2 .  6 ) 
[C ]w + [C ]mic + [C ]oc · OC + [C ]ss  
Equations 2. 2 - 2. 6 can then be combined to create the 
following equation, which will predict the equilibrium 
concentration of the solute in solution. 
( 2 .  7 )  
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[C]w + [C]mic faq = _________ _;_ ___ _ 
1 + PK 0) S lmic faq = ______ __:.___:=-----===------
1 + PKow [ S lmic + aKow OC + PK ow [ S lss 
This model can be easily used because a minimal amount 
of information about the system is needed. The surf act ant 
concentration in micellar form can be assumed to be equal 
to the total surfactant concentration when the CMC is 
greatly exceeded. For example, if the CMC is O . 14 g/L and 
the total surfactant concentration is 10. 0 g/L, the 
fraction of surfactant not in the micellar phase becomes 
negligible. The octanol water partition coefficient, Kow , 
has a minimal effect on the value of faq because its value 
is much greater than 1 (for PCBs), eliminating the 1 terms 
in the equation and causing Kow to cancel itself out. 
Therefore, an accurate value of Kow is not absolutely 
necessary to produce consistent results. The fraction of 
organic carbon can be easily measured, making this model 
very quick and easy to use. 
2 . 5  PHOTOLYSIS OF PCBs 
2 . 5. 1  Mechanisms of degradation 
Dechlorination followed by hydrogen abstraction is 
believed to be the maj or photochemical reaction o f  PCBs, 
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minor side reactions (Hutzinger et a l . ,  1974; Ramamurthy, 
1986) . Photoproducts (less chlorinated PCB congeners and 
chloride ions) may retard photolysis in some cases (Bunce 
et a l . ,  1978; Orvis et a l . , 1991). The chlorine content of 
the biphenyl ring influences the photochemical activity of 
PCB degradation. Studies show that PCBs with higher 
chlorine substitution undergo photolytic degradation faster 
than those with lower chlorine substitution due to the 
halogen substituents on the aromatic rings increasing 
intersystem crossing (Hutzinger et a l . ,  1974; Bunce et a l . , 
1978; Sawhney, 1986; Draper et a l . , 1987). This 
degradation mechanism, referred to as photochemical 
homolysis, has been well established for aryl halides, such 
as PCBs (Bunce et a l . ,  1974; Hawarl et a l . ,  1992; Chu and 
Jafvert, 1994; Chu et a l . ,  1998). In this mechanism, upon 
the absorption of light the Aroclor (ArCl) produces a 
singlet excited state (ArC1 1 ) which through intersystern 
crossing (ISC) produces a triplet (ArC13 ) which upon 
dissociation produces the chlorine atom, c 1 · ,  and the aryl 
radical, Ar ' .  This reaction is shown in Equation 2.8. 
ArCl hv ) ArCl l 
rsc > ArC1 3 ➔ Ar· + c1 ·  
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( 2 .  8 )  
There are multiple mechanisms that have been proposed 
for the degradation pathway of PCBs, depending on the 
solvent used in the system. For the purpose of this study, 
only photolysis mechanisms associated with surfactant 
solutions have been reviewed. Other photolysis 
environments that have been studied include water, alkanes, 
alcohols, and soil suspensions. 
In the presence of hydrogen sources or other electron 
donors, the photolysis reaction may go through an electron­
transfer process in addition to homolysis (Chu and Jafvert, 
19 9 4 ; Chu e t  a 1 . , 19 9 8 ) . During this process, the donor 
molecule (D) supplies an electron to the excited aryl 
chloride (ArCl *) , forming an unstable aryl radical anion 
that cleaves to form the aryl radical and chloride. 
R-H 
) ArH ( 2 .  9 )  
The cleavage of the C-Cl bond forms an aryl radical, which 
may abstract hydrogen from the hydrogen donor, forming the 
ArH product (Chu e t  al., 1998) . 
32 
Surfactants are effective in enhancing the solubility 
of PCBs in water and in mobilizing soil-bound PCBs by 
decreasing the interf acial tension. They also serve as 
hydrogen (H) donors during photolysis while minimi zing any 
side reactions such as hydroxyl substitution (Ramamurthy, 
1986; Epling et a l . ,  1988 ) . At dosages above the CMC, 
surfactant micelles may create a localized "cage effect " 
which favors PCB photolysis (Ramamurthy, 1986) . The "cage 
effect " is the ability of micelles to hold two reactive 
intermediates together long enough for reaction to occur . 
The hydrophobic micellar core or "cage " favors partitioning 
of the hydrophobic PCB molecule while the polar 
photoproducts that limit the reaction, such as chloride 
ions, are expelled. 
The effect of soil suspensions on photolysis has been 
evaluated in several different studies. Shi (1998 )  
examined the effect of soil particles on the photolysis 
rate of PCBs in POL(l0) and SOS solution. Photolysis rates 
were found to be generally unaffected by the presence of 
smaller soil particles (<0. 8 µm) in solution. As the 
turbidity was increased from 6. 5 to 2194 NTU, the 
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The adsorption of light by the soil particOles was 
suggested as a contributing reason for the change in the 
photolysis rate . 
Soil particles in solution may also enhance the 
solution photochemistry by facilitating electron transfer 
and free radical reactions, similar to reactions occurring 
at the surface of Ti02 • Based on the results of previous 
studies, Ti02 appears to be a more efficient photolytic 
catalyst than soil particles. Draper et  a l . ,  (1987) found 
that irradiation of a concrete surface contaminated with 
Aroclor 1260 (81 µg/100 cm2 ) resulted in 47% degradation in 
21 hours. 77% degradation of PCBs was achieved after only 
2 hours of irradiation with UV and sunlight in soil 
slurries that had had Ti02 added to them ( Zhang et  a l . ,  
19 93 ; Chiarenzelli et a l . ,  19 9 5) .  The studies by Zhang et 
al . and Chiarenzelli et al. found very little degradation 
occurring when Ti02 was not added to samples containing soil 
slurries. 
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2 . 5.2 Quantum yield calculations 
The quantum yield is the basis for comparison of 
photolysis degradation rates. Literature is replete with 
studies that use the quantum yield as a basis for system 
efficiency and comparison to other systems. Its value for 
a given experiment can be calculated as follows ( Zepp, 
1 9 7 8 )  : 
where 
( 2  . 1 0 )  
I0A = average irradiance light at peak wavelength, 
( einsteins m-2 sec-1 ) 
k0 = zero order rate constant, ( sec- 1 ) 
/ 1 f 1 ( m-1 ) A V =  exposed area: vo ume o samp e, 
By ca lcul ating the quantum yield , a norma l i zed rate 
constant, one can compare degradation rate constants 
between multiple system configurations. 
of various studies are shown in Table 2. 2. 
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The quantum yields 
Table 2 . 2  Quantum yields from various studies 
PCB Quantum Yield Solvent Wavelength Source 
Aroclor 1 232  0 . 03 6  H2O/CH3CN ( v : v=l : 4 )  3 0 0  Draper e t  al . , 1 98 7  
Aroclor 1 2 6 8  0 . 1 6 H2O/CH3CN ( v : v=l : 4 ) 300  Draper e t  al . , 1 9 8 7  
2CB 0 . 2 -0 . 2 9 H2O/CH3CN ( 1 0 -25 % ) 2 30- 4 1 0  Dulin e t  a l . , 1 98 6  
4 , 4 ' CB 0 . 002  Methanol (N2 )  3 1 0  Nordblom & Mil ler , 
1 9 7 4  
H2O/CH3CN 4CB 0 . 030  (v : v=9 : l ) 2 5 4  Epling e t  a l . ,  1 9 8 8  
/NaBH/SdiS ( 0 . 0 6 M )  
4 CB 0 . 0 97 H2O/NaBH4 2 5 4  Epling e t  al . ,  1 9 8 8  
/Brij 58  ( 0 . 13 M )  
2 , 2 '  , 4 , 4 ' CB 0 . 30 H2O/CH3CN ( v : v=9 : l ) 2 5 4  Epling e t  a l . ,  1 98 8  
/NaBH/SdiS ( 0 . 0 6 M )  
2 , 2 '  , 5 , 5 ' CB 0 . 1 25  H2O/CH3CN ( v : v= 9 : l )  2 5 4  Epling e t  a l . ,  1 98 8  
/NaBH/SdiS ( 0 . 0 6 M)  
2 , 2 , ' , 4 , 4 ' , 6 , 6 ' CB 0 . 5 1 H2O/CH3CN ( v : v=9 : l )  2 5 4  Epling e t  al . , 1 9 8 8  
/NaBH/SdiS ( 0 . 0 6 M )  
Aroclor 1 2 4 2  0 . 0 1 2 8  POL ( 1 0 )  2 5 4  Shi , 1 9 98 
Data modi fied from Shi ( 1 998 ) 
2. 6 ESTROGENIC ACTIVITY OF PCBs 
Some PCBs have been found to bind to the estrogen 
receptor once hydroxylated, which is one potential mode of 
toxicity to humans and other wildlife since mammalian 
systems can readily hydroxylate PCBs (Fielden et al . ,  1997; 
Korach et al . ,  1998; Schultz et al . ,  1998). Hydroxy lated 
PCBs have been identified in human serum, wildlife samples, 
and laboratory animals treated with commercial PCB mixtures 
(Bergman et al . ,  1994) . However, hydroxy lated PCBs must 
have a specific structure in order to bind to the estrogen 
receptor. The congeners that can most readily bind to the 
receptor are hydroxy lated in the 4C position and do not 
have any chlorines on the hydroxylated ring (Korach et al . ,  
1988; Schultz et al . ,  1998). Because of this rule, there 
are only 24 out of 209 possible PCB congeners that can bind 
to the estrogen receptor. Table 2. 3 shows the percentage 
of potentially estrogenic congeners in various Aroclor PCB 
mixtures. As one would expect, the estrogenic response 
becomes greater with an increasing percentage of estrogenic 
congeners in solution. Although later phases of the 
project involved quantifying the toxicity effects of 
treating the soil and resulting solutions, the current 
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TABLE 2.3 Presence of Potentially Estrogenic PCBs in 
Aroclors 






1260 <1. 5 
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paper will only examine the effect of photolysis on the 
potentially estrogenic congeners. 
3 9  
CHAPTER 3 MATERIALS AND METHODS 
3.1 SOILS 
Soil samples were taken from a superfund site in the 
northeastern United States. The soils had been contaminated 
with PCBs for over ten years, so their use would provide a 
very good simulation of a real-world scenario. There were 
seven different soil samples provided, but only three were 
used in this study . The characteristics of each soil are 
shown in Table 3.1. Soil sample PR3-1 was selected for use 
in the column studies because of its high Aroclor 1260 and 
TPH contamination levels. 
3.1.1 Collection 
All of the soil samples were collected near the 
surface and then sifted through a piece of window screen in 
order to remove any large pieces of gravel, roots, or 
earthworms. The samples were then placed in a plastic 
bucket, sealed, shipped to the laboratory, 










1 2 4 8 
mg/kg 
2 6 . 1  
1 1 00  
nd 
Table 3 . 1  Soi l sample characteristics  
1 2 60 
mg/kg 
4 0 0 
8 8  
nd 
Foe 
>0 . 0 5 
0 . 0 1 8 7  
0 . 0 032 
Gravel Sand Silt+clay 
% % % 
1 5  63  22  
6 7 1  2 3  
0 60  40  
TPH 
g/kg 
0 . 2 3 
8 . 5  
0 . 0 0 4  
Moisture Heterotrophs 
% by wt . CFU/g dry wt 
3 . 4 9 2 . 00E+04  
5 . 1 4 4 . 00E+0 6 
8 . 8 3 4 . 90E+ 0 4  
The samples were numbered using the following system: 
(General location ) (Area number ) - (Sample depth ) 
were 
The two general locations where samples were collected 
the plant road (PR ) and the courtyard ( CY ) • 
Therefore, sample PR3-1 was taken from 1 foot below the 
surface of the plant road area number three. 
The site was excavated, using a backhoe, so that 
mixing between soil  layers was minimized . This was 
accompl ished by creating individual staging areas for 
successive excavation layers . Site workers that were 
performing all of the excavation and sample collection 
procedures documented the col lection methodologies on film . 
3 . 1 . 2  PCB soil  extractions 
Soxhlet extractions were performed to quantify the 
amount of extractable PCBs in the soil . This surrogate 
measure of contamination was used because original levels 
of soil  contamination were unknown . Soxhlet extractions 
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were used to determine the maximum amount of removable PCBs 
in the soil. Efficiencies of all other types of extraction 
methods were based on the contaminant amount extracted via 
the Soxhlet method. The extractions were performed in 
triplicate using 10 g of soil for each sample. 50 mL of a 
1 : 1  acetone/hexane mixture was placed in an extraction 
thimble with the soil and boiled for 1 hour, continuously 
recycling any vapors that were created with a condenser. 
After 1 hour, the soil samples were lifted out of the 
acetone/hexane mixture and the mixture was concentrated by 
placing the extractor in the non-recycle mode. 
phase was then analyzed for PCBs. 
The solvent 
3. 2 SURFACTANT 
The surfactant used in this study was polyoxyethylene 
( 10) lauryl ether ( POL ( 10)) . It was obtained from Sigma 
Chemical and had a purity of 99. 5%. Standard solutions 
were prepared by weighing out a precise amount of POL ( 10) 
and then adding the appropriate amount of water to produce 
a 20 g/L standard solution. To calculate the mass of 
surfactant used, a small glass vial was used to transfer 
the surfactant from the stock container to the volumetric 
4 4  
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flask being used to mix the solution. The glas s vial 
provided a means of weighing the surfactant in a container 
that negligibly influenced the total weight of the system 
being measured. A typical worksheet used for calculating 
the amount of POL { 10) can be seen in Table 3 .  2. In the 
example shown in the table, a 20 g/L standard solution was 
produced by dis solving 10 g of surfactant in 500 mL of 
water. 
3. 2. 1 Quantification 
The CTAS method {American Public Heal th As sociation, 
1989 Standard Methods) was used to quantitate the amount of 
POL {l0) in solution. The cobaltothiocyanate reagent, which 
binds with nonionic surfactants to form a cobalt containing 
product, forms the basis of the procedure. This product 
was separated from the aqueous phase into an organic phase 
using methylene chloride. The product formed (measured 
colorimetrically) was directly proportional to the amount 
of surfactant in the aqueous solution. This was a modified 
method because sublimation was not used since cationic and 
anionic surfactants were not present in the system. 
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Table 3.2 Worksheet for calculat ing POL(l0) concentration 
Step Descript ion 
1 Mass of vial 
2 Mass of vial + surfactant 
3 Mass of vial after transferring 
surfactant into volumetric flask 
4 Mass of surfactant in flask (2-3) 
5 Volume of flask 
6 Surfactant concentrat ion in flask 
















The cobalt thiocyanate reagent was prepared by adding 
36 g of Co (NO3) · 6H2O and 240 g of NH4 SCN to DI water to make 
up 1 L of solution. Triplicate assays were performed for 
each sample measured. 3 mL of cobalt thiocyanate reagent, 
8 mL of methylene chloride, and 1 mL of sample were placed 
in a 15 mL glass centrifuge tube. The tubes were shaken 
horizontally on a reciprocating shaker for 15 minutes and 
then centrifuged at 1000 rpm for 5 minutes in a Beckman 
tabletop centrifuge. The spectrophotometer was set to 620 
nm and zeroed with methylene chloride. The sample was then 
taken from the bottom methylene chloride layer and its 
absorbance measured in the spectrophotometer. 
3.3 SOLUBILITY MEASUREMENTS 
Batch tests were performed using 25 mL glass Corex 
centrifuge tubes to determine the apparent aqueous 
solubilities of Aroclor 1248 and Aroclor 1260. The 
standard Aroclor mixtures were obtained in neat (pure) form 
from Ultra Scientific Company. Four different surfactant 
solutions were prepared with concentrations of 0. 5, 1. 0, 
4.0, and 10.0 g/L POL (l0). Each centrifuge tube contained 
five times the amount of Aroclor that the given surfactant 
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s o lut ion wa s capable o f  so lubi l i z ing . The ba s i s  for the 
amount that could be s o l ubi l i zed by the s ur fact ant was 
t a ken from Aroclor 1 2 4 2  data by Shi ( 1 9 9 8 ) . Because the 
neat compound wa s much too thick  to  pipette , hexane wa s 
used to s o lubi l i z e the pure Aroclor  compound and the 
approp ri ate amount of di s s o lved Aro clor wa s then 
t rans ferred into the Corex tube . The hexane was gradua l l y  
evaporated out o f  the tube us ing hou s e  a i r , l eaving the 
Aroclor mixture on the ins ide of the tube . 
The surfactant s olut i on wa s added to the tubes that 
were then sea led with Teflon-l ined caps and wrapped with 
Paraf i lm a s  a s e conda ry means o f  containment . The tube s 
were placed in an end-ove r-end rotary mixer and a l l owed to 
mi x for three days be fore removing them . The tube s were 
then cent ri fuged at 1 0 , 0 0 0  rpm for 30 minut e s  to  depo s i t 
any of  the unsolubi l i zed PCBs to the bottom . The s upe rnate 
wa s p ipetted from the top of  the tube and ana l y z ed for 
PCBs . 
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3.4 BATCH WASHING 
Two types of batch washing experiments were performed 
for this study. The first type of experiment, which was 
only used during the initial studies, varied the surfactant 
mass loading ratio by changing the soil: solution ratio 
while maintaining the same surfactant concentration. Each 
tube was prepared so that the grams of soil plus the mL of 
solution were as close as possible to 20. 
The second type of batch washing experiments varied 
the surfactant concentration while maintaining the same 
soil: solution ratio. Each tube contained 1 g of soil and 
20 mL of surfactant solution. The highest mass loading 
ratio used in this set of experiments was O. 2 g POL ( 10) /g 
soil. 
Batch washing was performed in 30 mL glass Corex 
centrifuge tubes with Teflon-lined caps. The soil and the 
surfactant solution were placed into the tubes, the tubes 
were sealed with the Teflon-lined caps, and parafilm was 
wrapped around each cap as a secondary means of containment 
in case the cap leaked. The tubes were placed in an end-
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over-end rotary mixer set to 60 rpm and mixed for the 
appropriate amount of time (time noted in discussion of 
results) . The tubes were then taken out of the mixer and 
centrifuged for 30 minutes at 2,000 rpm in a Beckman 
tabletop centrifuge. One mL of the surfactant solution was 
pipetted out of the tube and extracted for PCB analysis. 
3. 5 COLUMN WASHING 
Column washing experiments were conducted in a 
stainless steel column with the surfactant pumped upwards 
through the column at a constant flow rate of 2. 5 mL/min. 
In order to minimize PCB absorption onto system components, 
materials in contact with the solution were stainless 
steel, glass, or Teflon. A diagram of the system is shown 
in Figure 3. 1. A Teflon diaphragm pump was used to 
continuously pump fluid through the column. The flow rate 
of the pump was checked volumetrically with a 10 mL 
graduated cylinder once the system was started. 
5 L of 20 g/L POL (l0) solution was used to treat 1 kg 
of soil. A piece of stainless steel screen was placed in 
the bottom of the column to support the glass beads and 
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Figure 3. 1 Soil Column Setup 
prevent clogging. The glass beads were poured into the 
column and leveled after the bottom flange and teflon 
gasket had been tightened. Once the beads had been 
leveled, the distance to the top of the column was measured 
and 1 kg of soil was packed to a bulk density of 1. 5 g/cm3 
in the column by periodically packing the soil down while 
loading it into the column. The soil was packed using a 
glass beaker as a tamping device. The distance to the top 
of the column was measured and the soil was packed down so 
that it occupied 667 cm3 of space in the column. Given that 
the soil particle density was 2. 5 g/cm3 , the porosity in the 
column was O. 4. A 5 cm layer of glass wool was placed on 
top of the soil to minimize washout of fines. One liter of 
solution was poured into the top of the column and the air 
bubbles in the soil were allowed to dissipate before the 
column was totally filled with solution and the top flange 
was secured onto the column. 
Flow to the system was then started and the proper 
flow rate was verified with a graduated cylinder. The flow 
rate was also checked at least once every two days during 
the course of the experiment to ensure the proper flow 
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Teflon-coated stirbar and simulated a continuously stirred 
tank reactor (CSTR) . Samples were taken from a valve at 
the top of the column and from the carboy . Since the 
carboy simulated a CSTR and the line between the carboy and 
the bottom of the column held a negligible volume of 
solution, the solution in the carboy could be assumed to be 
the same as that being pumped into the bottom of the 
column . 
The surfactant solution was drained from the system 
and the soil was rinsed with 1 L of water after the system 
had appeared to reach equilibrium, typically several days . 
A mass balance was performed on the system by extracting 
the washed soil with acetone and by collecting the rinsate 
of the system for PCB analysis . Every component in the 
system that came into contact with the surfactant solution 
was triple rinsed with acetone . The acetone was collected 
and concentrated for PCB analysis in a stainless steel pan. 
5 3  
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3.6 PHOTOLYSIS 
3.6.1 Setup and Procedure 
A Rayonet Model 200 photochemical reactor was used for 
all photolysis experiments. The photoreactor was equipped 
with 16 low pressure mercury lamps that had a maximum light 
output at 254 nm. Quartz cuvettes were used to hold each 
sample. For experiments that required a total solution 
volume greater than 100 mL, a single cuvette with a 4. 25-cm 
diameter was used. For experiments that utilized less than 
100 mL of solution, a merry go round unit that was placed 
in the photoreactor and held 1-cm diameter cuvettes was 
used. 
The photoreactor was kept in a fume hood during use to 
prevent any accidental worker exposure to ultraviolet 
light. The lamps were allowed to warm up for 1 hour before 
any experiments were performed. Once samples were 
collected, they were immediately extracted for PCB analysis 
so that any potential photoreactions would be quenched 
immediately. 
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3.6.2 Light Intensity Measurements 
Light intensity measurements were made with a 
radiometer (Model 97 503, Cole-Parmer Instrument Co.) . The 
measurements were performed at positions where the cuvette 
would be located. Because the quartz cuvette could absorb 
some of the light, the measurements were taken on the 
inside of  the tube to account for any losses due to the 
quartz cuvette. Four measurements were taken, each with 
the radiometer turned an additional 90° to the right so that 
an average value could be calculated for the system. From 
the average of  the four values, the light intensity inside 
the cuvette was 7.  96 x 10-5 einstein m-2 sec-1 • 
3.6.3 Chloride Measurement 
The chloride concentration in photolyzed solutions was 
measured using a chloride selective electrode (Model Orion 
96-17) .  Only in experiments where a mass balance was 
performed was chloride measured. Chloride concentrations 
were measured immediately after samples were removed from 
the photoreactor to provide the most accurate reading. The 
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unknown concentration was determined by comparison with a 
standard curve that was prepared before the experiment . 
Standard solutions were prepared by dissolving KCl into POL 
( 10) solutions at surfactant concentrations equal to the 
experimental solutions . 
3. 7 PCB EXTRACTION AND ANALYSIS 
PCBs can be most accurately measured by using a GC 
coupled with an ECO detector . Additionally, GC analysis is 
most sensitive when the analyte is in a solvent phase with 
a low boiling point, such as hexane or acetone . The sample 
is rapidly volatilized using a solvent with a low boiling 
point, which results in better peak resolution . The high 
molecular weight of the surfactant would also cause a great 
deal of fouling to the column, drastically reducing the 
column lifetime . Because of these needs, extractions were 
performed on all surfactant solutions that were to be 
analyzed for PCBs . All samples were sealed and 
refrigerated (4°C) during storage . 
5 6  
3.7.1 Extraction 
PCB extractions were performed in 
centrifuge tubes with Teflon-lined caps. 
15 mL glass 
A silica-based 
powder, tC18 ( 0. 3 g, Waters, Inc.) was added to the tube 
when surfactant solutions were extracted in order to 
prevent emulsions of the surfactant from forming in the 
hexane phase. The powder was not used in samples that did 
not contain any surfactant. The tubes had 1 mL of sample 
and 4 mL of hexane added and Teflon caps were then tightly 
screwed onto the tubes. The tubes were placed horizontally 
onto a shaker table and shaken at 240 strokes/min for 30 
minutes. The tubes were then centrifuged in a Beckman 
benchtop centrifuge for 5 minutes at 1000 rpm. After 
centrifugation, the needed amount of the hexane phase (<1 
mL) was carefully pipetted out of the tube so as not to 
disturb the aqueous phase at the bottom of the tube. The 
hexane phase was then analyzed for PCBs. 
3.7 . 2  GC system operation 
A Hewlett Packard GC, Model 5890, was used for all PCB 
analysis. It contained a 0.25-mm DB-5 column (Hewlett 
57 
• 
Packard) and was equipped with an electron capture detector 
(ECO) The temperature profile was run according to EPA 
method 8081. The length of each sample run was 75 minutes. 
The initial column temperature was 100°c and was ramped up 
at a rate of 15 °C/min after 2 min. Once 160°c was reached, 
the column temperature was ramped up to 270°c at 50°C/min 
until the holding temperature of 270°c was reached. 
was used as the carrier gas and was set to 16 psi. 
The GC was also equipped with an auto sampler. 
He lium 
2 mL 
brown amber vials with Teflon- lined caps were used in the 
autosampler. Each vial had 1 mL of sample added and the 
caps crimped once the sample was prepared in order to 
prevent evaporation. If the sample was to be saved for 
later analysis, the · vials were recapped and refrigerated 
after the sample had been injected into the GC. 1,2 
bromonitrobenzene was used as the internal standard for al l 
samples. Every sample vial had 5 µL of 200 mg/L internal 
standard added so that the concentration of the internal 
standard would be 1 mg/L. 
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3.7.3 Aroclor 1248 and 1260 quantification 
Aroclor was manufactured so that there is a consistent 
weight percentage of chlorine in the final product. 
Aroclor 1248 and Aroclor 1260 contain 48% and 60% chlorine 
by weight in each mixure, respectively. Because of this 
method of production ,  there can be slight variances in the 
percentages of each congener in the mixture. In order to 
quantify the amount of PCBs present in solution, several of 
the main congeners present in the mixture were selected for 
analysis. The congeners selected are italicized in Table 
3. 3 and are present in only one of the two mixtures in 
order to prevent the influence of Aroclor 12 60 in Aroclor 
1248 calculations and vice versa. By selecting several 
peaks, small variances in the congener profile can be 
reliably determined. The standard weight percentages (Frame 
e t  a l . ,  1996) of the Aroclor mixture are used in 
calculating the concentration of each individual peak. 
Equation 3.1 was used for calculating the concentration of 
each individual peak. 
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Table 3.3 . Weight distribution of GC peaks in Aroclor 1248 
and 1260 (Frame et al., 1996) 
Weight % 
Peak no . PCB congener 1248 1260 
1 4 2 , 2 ' , 5  2 . 9 5 
1 5  2 , 2 ' , 4  1 .  2 2  
1 7  2 , 2 ' , 3  1 .  62  
2 1 2 , 3 ' , 5  0 . 7 7 
2 3  2 , 4 ' , 5  4 . 76 
2 4  2 , 4 , 4 '  6 . 09 
2 5  2 ' , 3 , 4 ; 2 , 2 ' , 5 , 6 ' 2 .  78 
2 6  2 , 3 , 4 '  1 .  60 
2 7 2 , 2 ' , 3 , 6  1 . 1 7 
2 9 2 , 2 ' , 3 , 6 ' 0 . 84 
3 1 . 1  2 , 2 ' , 5 , 5 '  5 . 91 
32  2 , 2 ' , 4 , 5  4 . 59 
33 2 , 2 ' , 4 , 4 '  2 . 55 
3 4  2 , 2 ' , 4 , 5  2 . 1 9  
3 7 . 2 2 , 2 ' , 3 , 5 ' 5 . 00 
3 8 2 , 2 ' , 3 , 4 '  2 . 91 
3 9 2 , 3 , 4 ' , 6 6 . 10 
4 2  2 , 2 ' , 3 , 3 '  1 . 1 8 
4 5  2 , 4 ' , 3 , 5  0 . 7 8 
4 6 . 1 2 , 4 , 4 ' , 5  4 . 50 
4 7 2 , 3 ' , 4 ' , 5  7 . 5 5 
4 8 . 1  2 , 3 ' , 4 , 4 '  9 . 6 3 
4 8 . 2 2 , 2 ' , 3 , 5 ' , 6  0 . 9 8 2 . 3 5  
4 9 2 , 2 ' , 3 , 4 ' , 6  0 .  8 3  
5 0 2 , 3 , 4 , 4 '  5 . 3 4  
5 1  2 , 2 ' , 3 , 3 ' , 6  1 . 0 6 0 . 63 
53  2 , 2 ' , 4 , 5 , 5 '  2 . 0 7 3 . 0 9 
5 4  2 , 2 ' , 4 , 4 ' , 5  1 .  7 6 
57 . 1  2 , 2 ' , 3 ' , 4 , 5 1 . 0 5 
5 8 . 1  2 , 2 ' , 3 , 4 , 5 '  1 .  3 5  0 . 6 6 
6 0  2 , 2 ' , 3 , 3 ' , 6 , 6 ' 1 .  5 3  
6 1 2 , 3 , 3 ' , 4 ' , 6  2 . 7 3 1 .  4 7 
6 3  2 , 2 ' , 3 , 3 ' , 4  0 . 8 5 
64  2 , 2 ' , 3 , 5 , 5 ' , 6  3 . 1 0 
60 
Table 3 .  3 .  (cont . )  Weight distribution of GC peaks in 
Aroclor 1248 and 1 2 6 0 ( Frame et  al . ,  1 9 9 6 )  
Weight % 
Peak no . PCB congener 1248 1260 
65 2 , 2 ' , 3 , 3 ' , 5 , 6 ' 1 . 1 8 
6 6  2 , 2 ' , 3 , 4 , 5 ' , 6  1 . 1 8 
6 9  2 , 3 ' , 4 , 4 ' , 5 ; 2 . 3 5 1 0 . 3  
2 , 2 ' , 3 , 4 '  , 5 ' , 6 
7 1  2 , 2 ' , 3 , 3 ' , 5 , 6  0 . 6 4 
7 3  2 , 2 ' , 3 , 4 ' , 5 , 5 '  1 . 1 6 
7 4  2 , 2 ' , 3 , 3 ' , 4 , 6 ' 1 .  8 2  2 . 7 3 
7 5 2 , 2 ' , 4 , 4 ' , 5 , 5 ' 1 2 . 2  
7 7  2 , 2 ' , 3 , 4 , 5 , 5 '  2 . 4 9 
7 8  2 , 2 ' , 3 , 3 ' , 5 , 6 , 6 '  2 . 0 8 
8 2  2 , 2 '  , 3 , 4 , 4 '  , 5 '  0 . 7 8 1 0 . 7  
8 5 2 , 2 ' , 3 , 3 ' , 5 , 5 ' , 6  0 . 9 0 
8 8  2 , 2 ' , 3 , 4 ' , 5 , 5 ' , 6  5 . 2 2 
90  2 , 2 ' , 3 , 4 , 4 ' , 5 ' , 6 3 . 1 0  
9 2  2 , 2 ' , 3 , 4 , 5 , 5 ' , 6  o .  7 2  
9 3  2 , 2 ' , 3 , 3 ' , 4 , 5 , 6 ' 4 . 63 
9 4  2 , 2 ' , 3 , 3 ' , 4 ' , 5 , 6 2 . 51 
9 5 2 , 3 , 3 '  , 4 , 4 '  , 5 ; 1 .  72 
2 , 2 ' , 3 , 3 ' , 4 , 4 ' , 6  
1 0 0  2 , 2 ' , 3 , 3 ' , 4 , 5 , 5 '  0 . 93 
1 0 2  2 , 3 , 4 , 4 ' , 5 , 5 '  1 1 . 1  
1 0 6  2 , 2 '  , 3 , 3 '  , 4 , 4 '  , 5  3 . 7 6 
1 0 7  2 , 3 , 3 ' , 4 , 4 ' , 5 , 6  0 . 9 4 
1 0 9  2 , 2 I I 3 ,  3 I I 4 I 5 ,  5 I I 6 I 1 . 66 
1 1 0  2 , 2 ' , 3 , 4 , 4 ' , 5 , 5 ' , 6 2 . 09 
1 1 2 2 ,  2 I I 3 ,  3 I I 4 I 4 I I 5 ,  6 0 . 8 8 
1 1 5 2 ,  2 I I 3 ,  3 I I 4 ,  4 I I 5 ,  5 I 1 .  65 
1 1 7 2 , 2 ' , 3 , 3 ' , 4 , 4 '  , 5 , 5 '  , 6 0 .  7 1  
Total 9 9 . 7  1 0 0 . 0 
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where: 
Arss Ax conc. = std. Conc. x wt% x -- x 
Ars Axs 
( 3. 1) 
std. Cone. = Aroclor standard concentration (mg/L) 
wt% = weight % of congener in Aroclor standard, taken 
from Frame et al . (1996) (Table 3. 3) 
Arss = Area of the standard's internal standard peak 
Ars = Area of the sample's internal standard peak 
Ax = Area of the congener peak in the sample 
Axs = Area of the congener peak in the· standard 
Cone. = Concentration of the peak in the sample (mg/L) 
The concentration of the individual congener peaks 
were then summed and divided by the total  we ight pe rcent 
that comprised the mixture to get the sample's PCB 
concentration. The sample dilutions and standards were 
prepared so that the sample and standard concentrations 
were within the same order of magnitude. Equation 3. 1 
assumes that the GC response is linear within a small 
range , therefore no calibration curve is needed. This is a 
safe assumption since GC ECO detectors are usually linear 
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over several orders of magnitude. At least one standard is 
run for every nine samples analyzed in order to ensure that 
the GC was maintaining a consistent response over several 
hours of operation. Standards that were above and below 
the sample's concentration were analyzed periodically to 
check if the same results could be obtained with different 
standard concentrations. 
Since photolysis destroys different congeners at 
different rates, the concentration of each congener in the 
photolyzed samples �ust be analyzed. The standard weight 
percent distribution cannot be applied during photolysis 
because of the constant change in the weight percent 
distribution. Because of this change, the concentration of 
each peak in the Aroclor profile was calculated using 
equation 3. 1 and then summed in order to get the total PCB 
concentration. 
3. 7. 4 Measurement of 2,2' ,4,4' ,6,6' CB and its degradation 
products 
All of the potential degradation products of 
2,2' ,4,4' ,6,6' CB were obtained from Sigma Chemical in 
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order to identify and quantify the daughter congeners that 
were being created during the photolysis. The photolyzed 
solutions were extracted with hexane and tC18 powder and the 
hexane extract was concentrated and then analyzed on the 
GC-MS to determine the mass of the degradation products. 
Samples were then spiked with the potential degradation 
products and analyzed, using the ECO detector, to determine 
the concentration of each peak in the photolyzed sample. 
Equation 3. 1 was used for all concentration calculations. 
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CHAPTER 4 RESULTS AND DISCUSSION 
4 . 1  SOLUBILITY OF AROCLOR MIXTURES  IN POL { l0) 
PCBs are highly insoluble compounds in water, as shown in 
Table 2 . 1 .  By adding surfactants  to the solution, the 
solubility of  PCBs can be greatly increased . 
solubility of  PCBs increases linearly at 
The apparent 
surfactant 
concentrations greater than the CMC { Edwards e t  al . ,  1 9 91) . 
The slope of a contaminant concentration v s . surfactant 
concentration line is called the molar solubility ratio 
{ MSR) . Batch solubility te sts were performed with Aroclor 
1248 and Aroclor 1260 using POL { l0) solutions ranging from 
0 to 10 g/L as  described in Section 2 .  2 .  3 .  The MSR was 
calculated using the data from these tests  ( Figure 4 .  1) . 
The CMC value for POL { l0) , 0 . 14 g/L, was derived from a 
previous study { Shi, 1 9 98) . 
As seen in Table 4 . 1, the calculated MSR value s for Aroclor 
1248 and 1260 compare favorably with the value for Aroclor 
1242 . As the weight percent of chlorine in the 
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Figure 4 . 1  PCB solubility in POL(l0) 
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Table 4 . 1  MSR Rat ios for Aroclor 1 2 4 2 , 1 2 4 8 and 12 60  
Compound 
Aroclor 1 2 4 2  
Aroclor 1 2 4 8 
Aroclor 1 2 6 0 
MSR 
0 . 6 17  ± 0 . 0 3 1  
0 . 32 2  ± 0 . 0 4 8  
0 . 2 5 2  ± 0 . 0 1 6  
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Source 
Shi ( 1 9 9 8 ) 
This  study 
This  study 
Aroclor mixtures increases, the MSR decreases . This is 
most likely due to the increasing number of chlorine atoms 
on the PCB molecule, which increases its size . As the 
molecule size increases, the available space in the micelle 
for additional PCB molecules decreases, resulting in a 
lower level of PCB solubilization . 
4 . 2  BATCH WASHING 
4. 2 . 1  Batch equilibrium time and extraction efficiency 
Batch tests were performed to characterize the extent and 
efficiency of POL ( 10) extraction on the soils used in the 
study . Both the time needed to reach steady state and the 
total amount of PCBs solubilized with a given mass loading 
ratio were calculated using the batch washing process in 
Section 3 . 3 .  A plot showing PCB removal vs . time is shown 
in Figure 4 . 2 .  The system had 38% of the readily removable 
PCBs transferred into solution after 50 hours, with the 
Soxhlet extractable PCBs being used as the basis for the 
amount of PCBs originally adsorbed on the soil . PCB 
removal reached 80% of its final value after 24 hours and 
had apparently stopped in 48 hours . Because all of the 
6 8  
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Figure 4 . 2  PCB removal percentages for PR3- 1 batch tests at 
various times 
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readily removable PCBs were removed after 4 8 hours, all 
subsequent batch washing experiments were conducted for 48 
hours. 
Many soil washing studies performed report removal 
efficiencies based on the surfactant concentration (Abdul 
and Gibson, 1991; Jafvert et. a l ,  1995; Sun et. a l , 1995; 
Joshi and Lee, 1996; Shi, 1998). This variable can often 
give misleading representations of system performance since 
the mass loading ratio of surfactant to soil is often the 
dominating factor in the performance of the system, as 
evidenced by its use in soil washing models. Tests were 
performed to ensure that the surfactant/soil mass loading 
ratio, rather than the surfactant concentration, was the 
controlling factor in the PCB desorption for a given soil. 
Two separate sets of experiments were performed on soil 
PR3-1; one that varied the surfactant concentration in the 
system while keeping the solution volume constant, and the 
other which varied the volume of surfactant solution used 
while keeping the concentration constant. As can be seen 
in Figure 4. 3, both experiments produced similar results, 
clearly demonstrating that the surfactant mass loading 
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ratio is the key factor in the extraction efficiency of the 
system . Many soil-surfactant system models are based on 
the mass ratios in the system, such as the Langmuir 
isotherm, Freundlich isotherm, and a PCB phase distribution 
model developed by Jafvert et . al (1995) . 
Different soils often yield very different treatment 
results, and a comparison of the PR3-1 and PRl-2 isotherms 
can be seen in Figure 4 .  4 . These soils were both washed 
using the method described in Section 3 . 4 .  Soil PRl-2 had 
a significantly higher PCB removal percentage than soil 
PR3-1 . This is most likely due to the difference in the 
TPH levels between the two soils (Table 3. 1) . PR3-1 
contains over 35 times the amount of petroleum hydrocarbons 
than PRl-2 contains . These hydrocarbons have very similar 
partitioning properties to PCBs and are likely competing 
with the PCBs for any available hydrophobic areas inside 
the micelles in solution . Serial batch extractions of soil 
PR3-1 show that consistent amounts of TPH were removed each 
time, while the amount of PCB removed gradually decreased 
over time (Figure 4 . 5a) . Because consistent amounts of TPH 
were removed during successive wash cycles, the soil matrix 
likely consisted of soil coated with TPH, with the readily 
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removable PCBs associated with the TPH coated on the 
particles. The surfactant micelles were probably being 
loaded with hydrophobic petroleum hydrocarbons before all 
of the extractable PCBs were removed. 
Near 10 0% removal of the PCBs in soil PR3-1 was 
attainable based on the batch tests in Figure 4 . 5b; 
however, the process would not be feasible due to the 
amount of surfactant necessary to facilitate such high 
levels of removal. After 10 wash cycles at a mass loading 
ratio of O .1 g POL (10 } /g soil, the amount of surfactant 
used would be equal to the weight of the soil being washed. 
There are several other potential reasons for the 
observed differences in PCB removal between the two soils . 
For example, PCBs tend to partition to the organic matter 
in the soil and removal efficiencies are often correlated 
to the soil organic fraction such that as the organic 
matter increases, the removal efficiency decreases (Hassett 
et. al, 1980; Vigon and Rubin, 198 9; Jafvert et. al, 1995 } . 
The soil washing results of the two soils studied do not 
agree with reported results, as the organic fraction of 
PRl-2 was almost three times greater than that of PR3-1 . 
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Figure 4.Sb Percent PCB removal during serial batch 
extractions of soil PR3-l 
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Typically, past studies have not taken into account TPH 
levels in the soil. Competition between hydrophobic 
organic molecules for the micellar sites should be included 
in any study of partitioning. 
Another factor that could affect overall results is 
variation in the initial PCB concentration. If the PCB 
solubility limit is approached during the extraction, the 
desorption process will become equilibrium limited due to 
the lack of a driving force between the two phases. The 
greater amount of PCBs in soil PR3-1 could be causing 
equilibrium limitations during extraction, resulting in the 
measured difference between the two soils. However, at a 
mass loading ratio of 0. 1 g POL ( 10) / g soil the surfactant 
has the potential to solubilize over 14 times more PCB than 
that available in soil PR3-1. Given that the MSR for 
Aroclor 1248 is 0.322 and that there are 1.1 mg of Aroclor 
1248 in 1 g of soil (Table 3.1), 0.1 g POL (l0) has the 
capability to solubilize 15.2 mg of Aroclor 1248, which is 
14 more times than what is contained in the system. 
Therefore, the differences between soil PR3-1 and PRl-2 was 
not likely a factor in the ability of the Jafvert model to 
predict PCB removal efficiency. 
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4.2.2 Evaluation of a potential mathematical model 
A mathematical model developed by Jafvert , Hoof , and 
Chu (1 9 9 5) for surfactant - amended sediment slurries was 
evaluated using the system studied here. Based on Equation 
2. 7 ,  parameter estimates are needed for a ,  P , K0w , [ S ]  mic , oc , 
and [ S ]  ss . P is a function of the surfactant being used in 
the system and a is a constant that was derived by Hassett 
et al . (1 9 8 0) using various PAHs on 14  different sediments  
and soils. The two constants , a and p ,  are equal to  0. 4 8  and 
0. 3 6 6  for this study , respectively (Jafvert , 1 9 9 5). Using 
Equations 2 . 1  and 2.  2 ,  K0w was found to be 3.  0 8xl 0
6 for 
Aroclor 1 2 4 8  and 8. 0 6xl 0 7 for Aroclor 1 2 6 0. [ S ]  mic can be 
assumed to be equal to the surfactant concentration in the 
original solution since the system is well · above the CMC. 
The value for oc is taken from Table 3 . 1. [ S ]  ss is assumed 
to always be 1 0 %  of the total surfactant concentration , 
· which is an average value of several different samples. 
The results of the model are shown in comparison to the 
experimental data in Figures 4. 6 and 4. 7. The data for soil 
PRl - 2  agrees very well with the mathematical model , while 
the model is consistently higher than the experimental data 
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for soil PR3 - 1 . Once again , the high TPH level s of  soil 
PR3 - 1  most l ikely contribute to this effect . By performing 
a sensitivity analysis  on the model , one can tell which 
parameters cause the greatest change on the results  of the 
model . The analysis is  performed by changing one parameter 
at a t ime so that the model f its  the data and then 
calculat ing the factor separat ing the two values (Table 
4 .  2 )  . 
The oc value (fraction of  organic carbon (kg oc/L 
solution ) is the most sensit ive parameter in the model when 
only reasonable values of oc are considered . The K0w 
parameter does not change model results  to suf f icient ly 
lower the % removal curve by a not iceable amount . Even 
though p is capable of changing the model enough to match 
the data , it is a funct ion of the surfactant and should not 
be af fected by the soil or the solute in the system . a is  
a function of the solute (PCB ) , but it has been found to be 
constant for mult iple types of PAHs and soi l s  (Hassett e t  
al . ,  1 9 8 0 )  . Since the model fits  the PRl - 2  data , it is  
highly unlikely that either of the constants a or  P would be 
incorrect by a factor of ten for the PR3 - 1  system . Final ly , 
the [ S ]  value would have to be raised up t o  a level in 
ss 
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Table 4.2 Sensitivity Analysis of Equilibrium Soil Washing 
Model for Soil PR3-1 
Value in Value needed to fit 
Factor 
Parameter model experimental data 
separating 
values 
0. 366 0.035 0.10 
Kow 3079000 
a n/a 
oc 0.000935 0.0065 6.95 
a 0.48 5.00 10.42 
[ s ]  s s  0.10 2.20 22.00 
a Parameter could not be adjusted to fit data 
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higher than the micellar surfactant concentration , [ S ]  mic ' 
which is physically impossible. 
The organic carbon fraction is the most likely 
parameter that could affect the model in such a way as to 
make it inaccurate, assuming that the model is correct. 
The T PH level of soil PR3-1 is therefore the most likely 
cause of the differences between the model and the data and 
is causing the model to not be applicable to systems 
similar to that of soil PR3-l. The organic fraction in 
most soil is typically humic and carbon types of materials 
that constitute part of the soil matter (Jafvert, 1995) . 
Because these materials make up part of the soil, they 
generally are not readily released into solution. However, 
petroleum hydrocarbons are considered a soil contaminant 
and are adsorbed by the soil rather than making up part of 
the organic soil matter. Hydrophobic petroleum hydrocarbon 
constituents can exhibit characteristics similar to those 
of PCBs and may actively compete for available micelle 
sites in solution. Such a scenario can result in 
competition that is not accounted for by the model. 
Competition can lower the amount of PCBs released into 
solution. The large amount of TPH in PR3-1 may lead to 
83 
.. , �- ., 
.. .J "·"•-J 
. ' 
� . .  
less PCB solubilization than the model predicts, causing 
the model to no longer be applicable to systems that 
contain competing contaminants. The low levels of TPH in 
soil PRl-2 allow the model to better predict the amount of 
PCBs solubilized by POL (l0). 
The model developed by Jafvert et a l . (1995) can be a 
useful tool for predicted PCB removal efficiencies in a 
soil/surfactant system at equilibrium. The model allows 
for a minimal amount of tests to be performed to make 
predictions of equilibrium removal efficiencies for a given 
surfactant solution system. However, the soil/surfactant 
system must be checked to ensure that competition does not 
occur, particularly when other hydrophobic contaminants 
such as petroleum hydrocarbons are present. The model was 
originally tested with river sediment s ,  which are not 
likely to have high TPH levels or other types of inhibiting 
compounds. One should therefore be cautious about using the 
model to predict equilibrium concentrations without first 
checking for the presence of any additional contaminants, 




4 . 3 COLUMN WASHING 
4 . 3 . 1  Characterization of PCB removal 
A surfactant mass loading ratio of 0 . 1 g POL (l0)/g soil 
was chosen for all column washing experiments based on the 
results of the batch tests . Choosing this mass loading 
ratio resulted in 5 L of a 20 g/L solution per kg of soil 
being recirculated through the column . Soil PR3-7 ( PCB 
uncontaminated) was used to determine if the flow rate of 
2 . 5  mL/min would be appropriate for the system and to 
identify the characteristics of POL (l0) adsorption onto the 
soil . Since the column was operated in an upflow mode, 
loss of fines from the top of the column was an initial 
concern . No noticeable amount of soil fines were lost from 
the column at this flow rate based on visual observations. 
A plot of the surfactant concentration over time is shown 
in Figure 4 .  8 .  The color of the solution gradually turned 
from clear to a reddish-yellow over the first two days 
while the POL (l0 ) concentration decreased . After two days, 
the color of the solution gradually became clear again 
while the surfactant concentration also started to increase 
back up to 18 g/L, where it came to steady state . Ten 
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Figure 4.8 POL (l0) concentration during column washing of 
soil PR3-7 
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percent of the surf act ant was adsorbed onto the soil once 
the system had reached equilibrium, which is consistent 
with that found by Layton et a l . (1997). The change in 
solution color during the middle of the experiment was most 
likely due to very small soil particles, such as clay, 
becoming adsorbed by the surf act ant micelles. Particles 
are then carried into the carboy, where they remained 
suspended in solution until pumped back into the column. 
Because the assay for measuring the surfactant 






were l i ke l y  removed from 
an apparent lower measured 
Once the micelles with clay 
particles were pumped back into the bottom of the column 
they may have broken apart because the soil particles were 
unable to pass through the soil column, possibly resulting 
in the gradual increase of surfactant concentration seen in 
days 5 - 13 . 
The surfactant concentration during the column washing of 
soil PR3-1 did not have the same drop during the middle of 
the experiment that occurred with soil PR3-7 (Figure 4. 9). 
Soil PR3-1 had a much lower clay and silt concentration 
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Figure 4. 9 Surfactant concentration during soil PR3-1 
column washing 







than PR3-7 (Table 2 . 1 ) ,  which may have helped to prevent 
the drop in surfactant concentration noted for the PR3-7 
soil during the middle of the experiment . Because soil 
PR3-1 almost had the texture of beach sand, the soil 
particles were too large to be carried into solution by the 
micelles . 
It took  approximately 48 hours for the readily removable 
PCBs to be transferred into solution . For soil PR3-1, 43% 
of the Soxhlet extractable PCBs were removed during the 
first wash cycle ( Figure 4 .  10 ) . 8 5% of the extractable 
PCBs were removed with three wash cycles . A wash cycle is 
defined as disconnecting the carboy, replacing the used 
solution with fresh surfactant solution, reconnecting the 
carboy, and restarting the pump . Each successive cycle 
removed a smaller portion of the available PCBs . Both the 
rate and extent of removal became progressively lower with 
each additional wash cycle . The surfactant's capability to 
adsorb PCBs is probably not the limiting factor since the 
amount of POL(l0) used has the potential to adsorb 20 times 
the amount of PCBs that are in the soil in one wash cycle 
if PCBs are the only contaminant interacting with the 
micelles . By washing the soil in a series of three cycles, 
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60 times the amount of POL (l0) needed to desorb all of the 
extractable PCBs in the soil was passed through the column. 
Soil PR3-1 was contaminated with petroleum hydrocarbons, 
which competed with the PCBS for available micelle sorption 
sites; thereby causing the amount of surf act ant to become 
the limiting factor once competition was considered. 
The column was also operated in a non-recycled mode, 
continually pumping fresh surfactant through the column at 
the same flow rate as in the column experiment using 
recycled surfactant. As seen in Figure 4 . 10, PCBs were 
extracted from the soil at the same initial rate as in the 
recycled mode. The data for the non-recycled mode after 48 
hours is inconclusive because the rate of removal decreased 
during this mode of operation. Assuming that all other 
experiments with PR3-1 were equilibrium limited due to the 
combination of TPH and PCBs filling all available micelles, 
the non-recycled surfactant experiment should not have 
experienced the same equilibrium limitations as the other 
experiments. One would expect the fresh surfactant 
solution being pumped through the column to continue 
removing PCBs after 50 hours at rates similar to the first 
48 hours of the three successive wash cycles operating in 
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recycled mode, which did not occur (Figure 4.10). In 
addition to the lack of equilibrium limitations, not enough 
data points were obtained at longer times to see if PCB 
removal continued in the non-recycled mode. The last data 
point for the non-recycled mode indicates continuing PCB 
removal, but does not provide a conclusive argument. 
Soxhlet extractions were performed on the soil after it 
had been washed in the column and compared to the 
extractions of the soil before it was washed to see if 
there was any change in the PCB congener profile. Changes 
in the congener profile from before and after soil washing 
would indicate that certain PCB congeners were 
preferentially removed during soil washing. Figures 4. 11 
and 4 . 12 contain the same data presented in different 
formats in order to analyze for trends in the desorption 
pattern. From Figures 4.11 and 4.12, the surfactant showed 
tendencies to preferentially remove PCBs with lower amounts 
of chlorine substitution, which are the first peaks to 
elute out of the GC column. Although there is almost no 
noticeable difference between the chromatograms upon 
initial comparison by overlapping the peak areas, further 
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analysis showed that there was a difference between the 
two . Figure 4 . 12 was derived using the following equation . 
Diff = before - after ( 4 • 2 ) 
Where : before = Percent of the total GC response that 
individual peak comprises before soil 
washing 
after = Percent of the total GC response that 
individual peak comprises after soil 
washing 
Diff = Difference between the two area percents 
Positive values for the difference denote higher 
levels of the given peak before soil washing, while 
negative values denote higher levels of the peak after soil 
washing . A linear regression of the plot gives a slope of 
-0 . 0795 ± 0 . 0170 with the upper and lower 95% conf idence 
levels equal to -0 . 0448 and -0 . 1 141, respectively . Since 
the upper 95% confidence limit is still negative, one could 
say with 95% certainty that the less chlorinated congeners 
are removed from the soil preferentially . Therefore, the 
more highly chlorinated congeners, which have longer 
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retention times, are more difficult to remove from the 
soil. This desorption trend agrees with many other studies 
in the literature (Abdul and Gibson, 1991; Jafvert, 1994; 
Yeom et al., 1995; Yeom et al., 1996). 
4. 3. 2 Comparison of column and batch washing 
The column and batch washing systems produced very 
similar results (Figure 4. 13). Both the extent of removal 
and the initial rate of removal closely agree. The batch 
system removed 38. 7% of the PCBs with an initial desorption 
rate 14. 9 mg PCB/kg soil-hr while the column system removed 
42% of the Soxhlet extractable PCBs with an initial 
desorption rate of 11. 1 mg PCB/kg soil-hr. Both tests had 
a surfactant mass loading ratio of 0. 1 g POL (l0)/g soi l. 
These results are promising for the potential use of 
soil washing as a treatment option for PCB removal. The 
column test simulates an in-situ  treatment scheme where the 
solution is pumped through the soil, similar to a classical 
pump and treat scenario. The batch test simulates an ex-
situ treatment scheme in which the soil is removed from the 
ground and washed in a treatment plant. 
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4.4 PHOTOLYSIS 
4.4.1 Soil washing solution 
Overall Degradation: The results for the photolysis of 
the column wash solution of soil PR3-1 are shown in Figure 
4. 14. The PCBs remaining in solution were used to 
calculate the extent of degradation using equation 4 . 3. 
The initial Aroclor 1248 degradation rate, k0 , was found to 
be 4. 12x10-5 mol/m3-sec using zero-order kinetics. Since 
the initial absorbance (A = 254 nm) was much greater than 
2, all incident light was assumed to be absorbed by the 
solution, causing the degradation to follow zero-order 
kinetics (Leifer, 1998). 
Co = Ct + kot ( 4 • 3 ) 
Where: Co and Ct = PCB concentration at time O and t, 
respectively, M 
Ko = zero order rate constant, M min-1 
t = time, min 
98 
1 0 0 . 0 0 
9 0 . 0 0 
8 0 . 00  
s:: 
7 0 . 0 0  
·rt 
Cd 6 0 . 0 0 
'O 
Cd 
5 0 . 0 0 
'O 
� 
4 0 . 0 0 
3 0 . 0 0 
dP 
2 0 . 0 0  
1 0 . 0 0  
0 . 0 0 
0 5 0  1 0 0  





1 5 0  2 0 0  
Time (min) 
Figure 4 . 1 4 Photolyt i c  degradat ion of PR3 - l  wash s olut i on 
9 9  
0 
-1,J 
Degradation rates were calculated using the sum of all 
known peaks in Aroclor 124-8 as defined by Frame et al. 
(1996). Although there are some degradation products 
outside of the Aroclor 1248 spectrum, these were not 
quantified due to the inability to correctly identify all 
products produced from such a broad spectrum of PCB 
congeners. The contribution of these peaks to the total 
PCB concentration was assumed to be minimal. This method 
of analysis (with assumptions) has been previously used to 
quantify Aroclor photodegradation (Hawarl et al. , 1992; Lin 
et al. , 1996; Chu et al. , 1998; Shi 1998). 
Based on Figure 4.14, 70% of the Aroclor 1248 in solution 
was photodegraded after 18 0 minutes. 
degradation rate at 50 minutes 
The change in the 
to a negative net 
degradation rate was most likely due to the more highly 
chlorinated congeners degrading into daughter congeners 
that were in the Aroclor 1248 congener profile. These 
congeners were then degraded causing a dip in the 
quantified amount degraded during the middle of the 
experiment. The gas chromatograms of the solution before 
and after 40 minutes of photolysis are shown in Figure 
4. 15. The 40-minute time frame was chosen because 
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40 min photolysis 
Figure 4. 15 GC of Aroclor 1248 at 0 and 40 minutes 
photolysis time from PR3- 1 wash solution with potentially 
estrogenic peaks marked with an asterisk (*) 
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significant photodegradation had occurred at this point, 
yet the majority of peaks in the origina l congener profile 
could stil l be measured. 
Estrogenic compounds: Because biodegradation and toxicity 
studies (including estrogenic response) were performed on 
solutions generated from soil washing and photolysis, 
congeners that could potentia lly impact estrogenic response 
were monitored during photolysis. The GC peaks associated 
with the potentia lly estrogenic compounds are marked with 
an asterisk in Figure 4 . 15. Aroclor 1248 photodegradation 
of potentia l ly estrogenic and non-estrogenic congeners is 
denoted in Figure 4.14. The potentia lly estrogenic 
congeners were destroyed at a significantly higher rate 
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preferentia lly degraded 
in a study of Aroclor 1242 
by Shi (1998), five of the most 
biorecalcicitrant congeners reported in the literature 
(Bedard et al . ,  1987) were completely degraded after 40 
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minutes of photolysis. By preferentially destroying the 
most biorecalci tr ant congeners, photolysis creates a much 
more readily biodegradable solution. 
Indi victual Congener and Homologue Photodegredation: The 
degredation patterns of indi victual congeners were plotted 
in Figure 4.16, showing the concentration of each congener 
over the time course of the photolysis experiment. The 
peak numbers shown on the x-axis correspond to the 
numbering system by Frame ( 1996 ) and are listed in Table 
3.2. There are several congeners for which a high ratio of 
Ct: Co remained throughout the course of photolysis. These 
congeners are highlighted in Table 4.3. All of these 
congeners, with the exception of 2,2' ,4, have chlorine 
molecules located at the meta position, which is the most 
resistant to photodegradation due to its location on the 
bi phenyl ring. Several other studies have found similar 
results, with congeners that have chlorine in the meta 
position being the least photolabile ( Bunce et a l . ,  1978 ; 
Lapine et a l ,  1991 ; Shi, 1998 ) . Because several different 
cultures of bacteria have proved to preferentially degrade 
PCBs with chlorine in the meta position (McDermott et al . ,  
1989 ; Sokol et  a l . ,  1994 ; Pagano et a l . ,  1995 ) ,  a 




























































































































































Table 4.3: Ratio of Ct /Co for Each Peak During 
Photolysis of PR3-1 Soil Wash Solution 
Photolysis Time (min) 
Peak # 0 10 30 60 180 
14 1 . 00 1 .  3 4  1 .  41 1 . 22 -
15 1.00 1. 23 1.12 1. 33 1 .  2 8 
17 1.00 0.85 0.50 0.33 0.06 
2 1  1.00 1. 51 2.07 3.37 3. 29 
23  & 24  1.00 0. 67 0.37 0.56 0.04 
25 1.00 0.76 0.47 0.44 0 . 33 
2 6  1.00 0.57 0.24 0.17 0.07 
27  1.00 0.99 0.82 0.84 0. 45 
31 . 1  1.00 1.07 0.97 1.13 L O O 
32 1.00 0.98 0.71 0.57 0.15 
33 & 34 1.00 0.77 0.45 0.34 0.09 
37 . 2  1.00 1.01 0.81 0.81 0.36 
38  1.00 1. 44 1.16 0.98 0 . 28 
39  1.00 0.85 0.46 0.27 0.04 
42 1.00 0.96 0.71 0.61 0.12 
45  1.00 0.62 0.31 0.00 0.00 
4 6 . 1  1.00 0.56 0.00 0.00 0.05 
47  1.00 1.16 1.03 0.99 0 . 30 
48 . 1  1.00 0.63 0.39 . Q.40 0.25 
48 . 2  & 4 9  1.00 0.97 0.72 0.67 0 28 
so 1.00 0.54 0.19 0.17 0.13 
51  & 53 1 . 00 1.10 0.94 1.00 0.58 
54 1.00 0.93 0.60 0.46 0.19 
57 . 1  1.00 1.00 0.7 2 0.62  0 . 1 8 
58 . 1  1.00 0.92 0.52 0.36 0.14 
59  1.00 0.65 0.22 0.00 0.00 
61 1.00 1.13 0.86 0.77 0.21 
63 1.00 0.90 0.53 0.41 0.20 
69 1.00 0.97 0.60 0.50 0.00 
74 1.00 0.68 0.35 0.30 0.11 
82 1.00 0.73 0.40 0.00 0.13 
Peaks that have greater than ¼ of their original 
concentration remaining have been highlighted 
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combination photolysis/bioremediation scheme would appear 
to be the most favorable to overall PCB degradation. 
A comparison of the degradation pattern of each homologue 
was also performed to identify those that are the most 
favorable to photolytic degradation. The concentration of 
each peak, at selected times, was divided by its 
concentration at time zero. The· results are shown in 
Figure 4. 17 and support previous studies, which found more 
highly chlorinated congeners to be more photodegradable 
(Hutzinger et al. , 1974). The 6 Cl homologue series had 
the highest net removal, the 4 and 5 Cl series less but 
nearly identical net removals, and the 3 Cl series had the 
same net removal as the 4 and 5 Cl series until the middle 
of the experiment. Between 40 and 60 minutes of 
photolysis, the 3 Cl series had a net gain but gradually 
returned to the same net removal rate as that of the 4 and 
5 Cl series. The change in the pattern of the 3 homologue 
series is most likely due to the more highly chlorinated 
congeners degrading into congeners in the 3 homologue 
series. 
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Figure 4.17 : Comparison of homologue degradation trends 
during PR3 -1 soil washing solution photolysis 
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4.4.2 Aroclor 1248 solution 
In order to provide system mass balance and to 
determine the impact of TPH on PCB photolysis, a pure 
solution of surfactant and Aroclor 1248 was photolyzed. A 
mass balance of the chloride in the system was conducted by 
measuring the free chloride concentration in solution using 
a chloride ion selective electrode probe. During 
photolysis of the soil wash solution, matrix constituents 
prevented accurate assessment of the chloride 
concentration, making it impossible to perform a mass 
balance on the soil wash solution. According to the 
literature, photolysis should proceed via reductive 
dechlorination with the surfactant acting as an H donor 
(Hut zinger et a l . ,  1974 ; Ramamurthy, 1986;  Epling et al . , 
1988 ; Chu and Jafvert, 1994 ;  Shi 1998) . The total chloride 
in the system should therefore exist in one of two forms, 
either as free chloride ions in solution or as part of the 
PCB molecules. The sum of the two should remain constant 
throughout the experiment. The available chloride remaining 
as PCBs was calculated using Equation 4.4. 
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Where: 
( 4 . 4 )  
[ Cl ] pca = Concentration of chloride in PCB (mg/L) 
ni = Number of chlorine atoms on i
th congener 
[C ] i = PCB concentration of ith peak (mg/L) 
MW PCBi = molecular weight of ith congener (g/mol) 
= 154 + 34 . 45ni 
The results of the experiment can be seen in Figure 
4 . 18 .  The initial drop in the total chloride concentration 
stabilizes after five minutes of photolysis and remains 
constant throughout the duration of the experiment . The 
initial drop in total chloride is most likely due to the 
creation of daughter congeners during photolysis that are 
outside of the Aroclor 1248 spectrum and are therefore not 
included as part of the chloride remaining in the PCB 
molecules . For example, Table 3 . 3  shows that 2,4,4'CB is 
one of the major congeners present in Aroclor 1248 . 
Assuming that photolysis proceeds via reductive 
dechlorination, none of the potential products formed 
(2,4CB, 4,4'CB, 2CB, and 4CB) from the photolysis of 
2, 4, 4' CB are present in the Aroclor 1248 spectrum . The 
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degradation and production rates of any congeners outside 
of the Aroclor 1248 profile apparently become equal after 5 
minutes, causing the total chloride level to become 
invariant over time. There is 34% loss of chloride mass 
after 4 0 minutes of photolysis. A previous study by Shi 
(1 998) , using Aroclor 1242 with the same system 
configuration, was able to account for 98% of the chloride 
originally present after 300 minutes. If the Aroclor 1248 
photolysis had been conducted for a longer period of time, 
the unaccountable chloride mass could possibly reappear due 
to further degradation of any peaks that fell outside of 
the quantified range of peaks. 
Figure 4 . 1 9  shows how each indi victual congener was 
degraded over time in the surfactant/Aroclor 1248 solution. 
When compared to the same plot for the PR3- 1 photolysis 
(Figure 4. 1 7) , one sees almost identical removal patterns. 
These results show that the presence of TPH in the PR3- 1 
solution does 
patterns. 
not affect PCB photolytic destruction 
1 1 1  
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Figure 4.1 9  Comparison of homologue degradation trends 
during Aroclor 1248 solution photolysis 
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4. 4. 3 Quantum yield calculations 
The quantum yield was calculated using equation 2. 7 .  
The zero order rate constant, ko, was calculated from the 
initial photodegradation slope. The rate constant values 
for the soil washing and Aroclor 1248 solutions were 
7. 79x10-5 and 3. 59x10-4 mol/m3-sec, respectively, and were 
calculated using the data in Figures 4. 14 and 4. 18. The 
light intensity inside the cuvette, Ii, o, was found to be 
7 .  96x10-5 einstein/m2-sec at A.=254 nm using a radiometer. 
A/V, the ratio of exposed area to the volume of the sample, 
was 94. 1 m- 1 since the diameter of the cuvette was 4.25 cm. 
The quantum yield values are presented ,in Table 4. 4 along 
with quantum yield data from other studies. 
The presence of petroleum hydrocarbons in the soil 
wash solution caused the quantum yield of Aroclor 1 2 4 8  to 
decrease by more than a factor of 4, from 0. 0479 to 0. 0104. 
Although the pattern of degradation did not change, the 
rate was slowed due to absorption of photons by TPH. 
Previous studies have shown that the presence of colloidal 
particles in solution can increase the quantum yield of 
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Table 4 . 4  Quantum yield data from this and previous studies 
PCB Quantum Yield Solvent Wavelength Source 
Aroclor 1232  0 . 036  H2O/CH3CN ( v : v= l : 4 ) 2 5 4  Draper e t  a l . , 1 9 8 7  
Aroclor 1 2 6 8  0 . 1 6 H2O/CH3CN ( v : v= l : 4 )  2 5 4  Draper e t  a l . ,  1 987  
Aroclor 1 2 4 2  0 . 0 1 28  POL ( 1 0 )  2 5 4  Shi , 1 9 98  
2 , 2 ' , 4 , 4 ' , 6 , 6 ' CB 0 . 5 1 H2O/CH3CN ( v : v= 9 : 1 ) 2 5 4  Epling e t  a l . ,  1 98 8  
/NaBH/SdiS  ( 0 . 0 6 M )  
Aroclor 1 2 4 8  0 . 0 4 7 9 POL ( l 0 )  2 5 4  ( this study ) 
Aroclor 124 8 0 . 0 1 0 4  POL ( 1 0 )  soil wash 25 4  ( this study ) 
solution 
2 , 2 '  , 4 , 4 ' , 6 , 6 ' CB 0 . 4 4 POL ( 1 0 )  2 5 4  ( this study )  
photolysis due to light scattering in solution (Miller and 
Zepp, 1979). However, petroleum hydrocarbons do not behave 
like colloidal particles in surfactant solutions. The 
absorbance of the soil wash solution was 2. 5 at 254 nm, 
compared to the value of 1 . 2  for the Aroclor 1248 solution 
with an equal concentration of PCBs. The hydrocarbons 
desorbed from the soil were incorporated into the 
surfactant micelles and competed for any available light, 
as evidenced by the increase in the absorbance of the soil 
wash solution when compared to the Aroclor 1248 solution. 
The study by Shi (1998) found the addition of soil 
components from a clayey soil to have a minimal effect on 
the quantum yield. The proposed rate enhancement from 
light scattering by dissolved particles (Miller and Zepp, 
1979) was offset by the increase in turbidity of the 
solution. 
4.5 2, 2' , 4, 4' , 6, 6'CB PHOTOLYSI S 
The photolysis degradation pattern of 2, 2', 4, 4', 6, 6'CB 
was studied to better understand the pathways of photolytic 
degradation. The system was monitored for preferential 
degradation pathways using standards of potential products 
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formed during photolysis. Also, a chloride mass balance 
was performed on the system by tracking chloride 
concentrations during the experiment. 
2, 2' , 4, 4' , 6, 6'CB was photolyzed using the merry-go-round 
apparatus in the Rayonet photoreactor. Two quartz cuvettes 
were used for each sample time to provide discrete samples 
throughout the experiment. Extractions were performed on 
each sample immediately upon removal from the reactor in 
order to quench any continuing photoreactions. The initial 
solution was prepared by measuring the desired amount of 
2, 2' , 4, 4' , 6, 6'CB crystals into surfactant solution and 
shaking on an end-over-end rotary mixer for three days. 
4.5. 1 Products and mass balance 
The degradation products created 





standards of the potential products. The samples were 
analyzed using the GC, spiked with known concentrations of 
the likely products, and then reanalyzed to determine if 
the compound used to spike the sample was one of the 
photodegradation products. The difference in areas between 
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the spiked and unspiked samples could then be used as the 
standard concentration of 







2,2',4,4',6,6'CB photolysis are plotted as a function of 
photolysis time in Figure 4. 20. 
The concentration of each identified congener at 2 
minutes and the proposed reaction pathway is shown in 
Figure 4. 21. The arrows drawn in Figure 4. 21 were based on 
the observed degradation products in Figure 4. 20 and the 
assumption that degradation only occurred via reductive 
dechlorination. The ratio of the congeners in each 
homologue is provided in Table 4. 5. As shown in previous 
studies (Safe et a l . ,  1976; Bunce, 1982; Shi, 1998), the 
ortho chlorines were preferentially removed. Ortho 
chlorines caused the greatest change in the UV absorption 
pattern by PCBs (MacNeil et a l . ,  1976), and are therefore 
the most receptive to photolytic attack. The ratio of 
ortho/non-ortho degradation products peaks during the 
middle of the experiment and gradually decreases as each of 
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Figure 4 . 21 Potential degradation pathways identified 
during 2,2' ,4,4' ,6,6'CB photolysis based on measured 




Table 4.5: Concentrations and Ratios of ortho/para Degradation Products During 
2, 2' , 4, 4 ' , 6, 6 ' CB Photolysis 
Photolysis Time (min) 
Congener 0 0 . 167 0 . 333 1 2 5 10 30 
2 , 2 ' , 4 , 4 ' , 6 , 6 '  mg/L 10 . 20 9 . 31 8 . 65 6 . 22 4 . 18 2 . 5 1  1 .  4 6  0 . 04 
2 , 2 '  , 4 , 4 ' , 6 mg/L 0.01 0.75 1 .  53 3.58 5.57 4.99 2.53 0.07 
2 , 2 '  , 4 , 6 , 6 '  mg/L 0.01 0.15 0.23 0.50 1 .  02 1. 8 1  2.03 0.61 
Ratio of ortho/para 1 . 24 5 . 1 8 6.  74 7 . 22 5 . 4 9 2 . 76 1 . 25 0 . 1 1  
2 , 2 ' , 4 , 4 ' ; 2 , 4 , 4 ' , 6 mg/L 0 . 06 0 . 15 0 . 1 8  0 . 4 6  0 . 91  1 .  02 0 . 62 0.06 
2 , 2 ' , 4 , 6 mg /L 0.05 0.13 0.06 0.06 0.06 0.08 0.04 0.05 
Ratio of ortho/para 1 . 0 7 1 . 13 2 . 89 8 . 1 7  1 5 . 82 12 . 45  1 3 . 8 7  1 . 1 4 
..... 
2 , 4 , 4 '  mg/L 0 . 10 0 . 17 0 . 12 0 . 22 0 . 4 1  0 . 50 0 . 32 0 . 12 N 
0 2 , 2 '  , 4 mg/L 0.00 0.01 0.00 0.02 0.05 0.1 4  0.24 0.10 
Ratio of ortho/para -- 30 . 1 1  -- 1 1 . 12 8 . 91 3 . 56  1 .  3 1  1 . 20 
4 , 4 '  mg/L 0.05 0.05 0.06 0 . 08 0 . 24 0.7 1 0 . 55 0 . 02 
A system mass balance was performed by tracking the 
chloride concentrations throughout the experiment. 
Chloride measurements were taken as described in Section 
3.6.3 to evaluate the free chloride concentration in 
solution. The chloride remaining in solution was 
calculated by multiplying the concentration of each PCB 
congener with its respective chloride weight fraction. By 
totaling the chloride remaining in each congener and the 
free chloride in solution, the system mass balance could be 
checked. A plot of the total chloride concentration over 
time is shown in Figure 4. 22. Because the total chloride 
concentration remains relatively constant throughout the 
experiment, reductive dechlorination has been confirmed as 
the method of PCB degradation. This agrees with the 
proposed method of stepwise dechlorination from other 
studies (Epling et al. , 1988 ; Shi, 19 98). 
4.5.2 Degradation rate and quantum yield 
The initial degradation rate was taken from the average 
value over the first minute of photolysis. Using Equation 
2.7 and the data shown in Figure 4.20, the quantum yield of 
2,2',4,4',6,6'CB photolysis was found to be 0. 44. This 
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Figure 4. 22 : Chloride mass balance during the photolysis of 












value is similar to other values in the literature that 
used different system to photodegrade 2, 2' , 4, 4' , 6, 6'CB . 
Given that the quantum yield's standard deviation is 0.09, 
the value is within one standard deviation of the 0. 51 
value that Epling found for a CH3CN/H20 system. 
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CHAPTER 5 CONCLUSIONS 
Soils contaminated with PCBs can be effectively 
treated using a combination of surfactant washing with 
nonionic surfactants and photolysis of the resulting 
solution . The use of surfactants greatly enhances the 
removal of PCBs from soils and its use is being continually 
examined for full-scale remediation projects. Photolysis 
provides a natural second step in the treatment process by 
rapidly degrading a significant portion of the PCBs in 
solution . This study examined the PCB extraction 
efficiency of soils using POL (l0) as the surfactant, 
performing both batch and column tests in this effort. The 
ability to photodegrade the resulting solution was 
examined, along with the effects that were caused by other 
contaminants in the soils . In addition, the degradation 
pathway for 2,2',4,4',6,6'CB was analyzed. Based on the 
studies performed, the following conclusions were made : 
1) The mass loading ratio of surfactant : soil is the key 
parameter in determining PCB removal efficiency for a 
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given system (Section 4 . 2 . 1, Figure 4 . 3) . Many soil­
surfactant system models are based on mass loading 
ratios in the system, such as the Langmuir isotherm, 
Freundlich isotherm, and a PCB phase distribution 
model developed by Ja fvert e t  a l . (1995) . 
2) Competition for available micelles occurs when soils 
contain large amounts of TPH ( Section 4 .  2 .  1, Figure 
4 .  5) . This competition can result in lower PCB 
extraction efficiencies than expected (Section 
4 . 2 . 2) . In batch tests, soil PR3 - 1  had a removal 
ef ficiency of 38% with 0 . 1 g POL(l0) /g soil versus 
72% for soil PRl- 2 under the same conditions . Soil 
PR3-1 contained 30 times the amount of TPH than soil 
PRl-2 . 
3) When using the model developed by Javfert et  al . 
(1995) , one must consider the source of organic 
carbon . When significant levels of TPH are present, 
the model can no longer be used to predict 
contaminant (PCB) removal due to competition (Section 
4 .  2. 2,  Figure 4 .  7) . TPH ef fectively competes with 




















acid or other types of organic carbon normally found 
in soils. The model predicted PCB removal 
percentages extremely well for soil PRl-2 (low TPH), 
but not for soil PR3-1 (high TPH). 
4) Batch and column systems perform equally well in the 
method used for this study (Section 4.3.2). This is 
promising for the potential in -sit u  application of 
this technology because the same percentage of 
contaminant can be removed without excavating the 
soil, as would be required in a batch-type system. 
Both systems removed approximately 40% 
available PCBs after one wash cycle. 
of the 
5) Photolysis of PCBs selectively destroys congeners 
that have been shown to cause an estrogenic response 
in humans ( Section 4. 4. 1, Figure 4. 14) . Both the 
rate and extent of degradation are higher for 
estrogenic 
compounds. 
compounds than for non-estrogenic 
After 40 minutes, 65% of the initial 
estrogenic compounds were degraded versus 27% of the 
non-estrogenic compounds. 
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6) More highly chlorinated congeners have a higher net 
removal during photolysis ( Section 4. 4. 1) . The 6 Cl 
homologue series had the highest net removal, the 4 
and 5 Cl series less but nearly identical net 
removals, and the 3 Cl series had the same net 
removal as the 4 and 5 Cl series until the middle of 
the experiment. The change in the pattern of the 3 
homologue series is most likely due to the more 
highly chlorinated congeners degrading into congeners 
in the 3 homologue series. 
7) The TPH in PR3 -1  soil wash solutions reduces the 
quantum yield of photolysis by more than a factor of 
4 when compared to pure Aroclor 1248 in solution 
(Section 4. 4. 3, Table 4. 4) . The lowered quantum 
yield increases the energy needed to degrade the 
solution to the same endpoint. 
8 ) 2 , 2 ' , 4 , 4 ' , 6, 6 ' CB follows a stepwise reductive 
dechlorination during photolysis, with the ortho 
chlorines being preferentially removed (Section 
4. 5. 1, Table 4. 5) . The quantum yield of photolysis 
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